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INTRODUCTION: 

Death  of  retinal  ganglion  cells  (RGCs)  and  poor  regeneration  are  major  obstacles  for  treating 
traumatic  optic  neuropathy  after  road  accident,  falls  or  combat  blasts.  Optic  nerve  regeneration 
from  many  long-term  surviving  RGCs,  reconnecting  the  brain  could  potentially  restore  vision 
after  injury.  We  previously  determined  that  deletion  of  two  genes,  PTEN  and  SOCS3  induces 
optic  nerve  regeneration  (Park  et  al.,  2008;  Smith  et  al,  2009;  Sun  et  al,  2011).  On  the  other 
hand,  genetic  modification  of  CHOP  and  XBPl  in  RGCs  render  them  highly  resistant  to  injury- 
induced  death  (Hu  et  al,  2012).  We  hypothesize  that  combined  strategies  to  target  PTEN/SOCS3 
and  CHOP/XBPl  will  further  enhance  long-term  RGC  survival  and  regeneration,  and  RGCs  in 
these  animals  exhibit  normal  physiological  responses.  In  this  proposal,  we  have  used  knockout 
mice  and  therapeutically  relevant  short  hairpin  RNA  (shRNA)  approaches  to  determine  the 
combined  effects  of  targeting  PTEN/SOCS3  and  CHOP/XBPl  on  RGC  survival  and 
regeneration  after  injury.  Eurther,  we  examined  the  integrity  of  RGC  functions  after  modification 
of  these  genes  using  pattern  electroretinogram  (PERG).  In  addition,  we  have  developed  new 
imaging  techniques  to  assess  optic  nerve  regeneration  in  whole  animal  tissues  without 
histological  sectioning.  Overall,  this  proposal  investigates  genetic  interventions  to  rescue  dying 
neurons  and  promote  regeneration,  and  restore  vision,  with  the  potential  to  be  administered  to  the 
clinic  and  battlefield. 
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BODY: 


Aim  1:  Use  knockout  mice  to  examine  the  combined  effects  of  targeting  PTEN/SOCS3  and 
CHOP/XBPl  on  RGC  survival  and  regeneration.  PTEN/SOCS3/CHOP  knockout  mice  will 
receive  AAV-assisted  over-expression  of  XBPl,  followed  by  nerve  crush  injury  and  assessment 
of  RGC  survival  and  regeneration. 

fyp 

In  this  Aim,  we  have  mated  PTEN/SOCS3  mice  with  CHOP  KO  mice  to  generate  triple  mutant 

f/f 

mice,  PTEN/SOCS3  /CHOP  KO  mice.  Adult  mice  received  various  AAV  treatments  as  outlined 
in  Table  1  below. 


Groups  (n=8- 
1 0/group) 

Intravitreal  Viral 
Treatment 

Outcome  Measures 

PTEN/SOCS3*'* 

AAV-GPP  (Control) 

RGC  staining  and  axon  tracing 

PTEN/SOCS3*'* 

AAV-Cre 

CHOP'' 

AAV-XBPl 

CHOP'' 

/PTEN/SOCS3^^ 

AAV-Cre/AAV- 

XBPl 

At  different  time  points  after  intraorbital  optic  nerve  crush,  animals  were  analyzed  for  RGC 
survival  and  axon  regeneration  using  immunohistochemistry  and  axon  tracing  methods  used  in 
our  previous  studies.  At  4  and  8  weeks  after  injury,  retinas  were  immunostained  with  an  antibody 
against  beta  III  tubulin  (TUJl)  to  estimate  RGC  survival.  The  degree  of  axon  regeneration, 
assessed  by  dye-labeled  fibers  was  quantified  and  compared  among  the  control  animal  groups. 
Using  histology,  axon  regeneration  into  various  visual  targets  including  the  lateral  geniculate 
nucleus,  superior  colliculus,  olivary  pretectal  nucleus  and  suprachiasmatic  nucleus  was  assessed. 
As  shown  in  Pig.  1,  we  have  found  that  while  manipulation  of  two  genes  (i.e.  PTEN/SOCS3  or 
CHOP/XBPl)  in  combination  resulted  in  some  degree  of  neuroprotection  after  optic  nerve  injury, 
the  ultimate  combination  targeting  all  four  genes  (PTEN/SOCS3/CHOP/XBP1)  led  to  marked 
improvement  in  the  rate  of  RGC  survival  at  4  and  8  weeks  after  injury.  These  results  represent 
one  of  the  most  powerful  genetic  strategies  that  protect  injured  RGCs  reported  to  date. 
Importantly,  our  unique  approaches  use  gene  therapy  strategy  which  raises  hope  for  treating 
damaged  optic  nerve. 

In  addition  to  RGC  survival,  we  examined  the  rate  of  axon  regeneration  in  the  combinatorial 
treatment  groups.  Successful  re-innervation  of  regenerated  axons  to  their  targets  is  of  paramount 
interest.  Thus,  the  next  important  question  is  whether  the  number  of  axons  that  regenerate  long 
distances  into  the  visual  targets  is  also  increased  in  these  animals.  In  order  to  determine  this,  we 
are  currently  analyzing  the  sectioned  brain  tissues  to  identify  and  quantify  the  number  of 
regenerated  axons  in  various  visual  targets. 

As  shown  in  Pig.  2,  we  observed  that  combinatorial  treatments  result  in  enhanced  axon 
regeneration  along  the  damaged  optic  nerve. 
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Control  P/SKO  C/X  P/S/C/X 


Figure  1.  Combined  modulation  of  PTEN/SOCS3/CHOP  and  XBPl  further  enhances  RGC 
survival  after  injury.  Data  are  presented  as  mean  %  of  RGC  number  compared  to  the  uninjured 
contralateral  eye  at  4  and  8  weeks  after  injury.  P/S  KO,  PTEN/SOCS3  KO;  C/X,  CHOP 
KO/XBPl  mice;  P/S/C/X,  PTEN/SOCS3/CHOP  KO/XBPl  mice. 
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Eigure  2.  Combined  modulation  of  PTEN/SOCS3/CHOP  and  XBPl  further  enhances  RGC  axon 
regeneration.  Data  are  presented  as  mean  number  of  axons  counted/  optic  nerve  section  at  3  mm 
distal  to  the  lesion  site  at  4  and  8  weeks  after  injury.  Consistent  with  previous  findings,  control 
and  C/X  animals  did  not  have  regenerated  axons.  P/S  KO,  PTEN/SOCS3  KO;  C/X,  CHOP 
KO/XBPl  mice;  P/S/C/X,  PTEN/SOCS3/CHOP  KO/XBPl  mice. 


Aim  2:  Integrity  of  RGC  functions  after  genetic  modification  of  PTEN/SOCS3  or  CHOP/XBPl 
will  be  evaluated  using  PERG. 

In  this  Aim,  we  have  used  PERG  to  investigate  whether  RGCs  subjected  to  different  genetic 
manipulations  exhibit  normal  physiological  functions. 


Groups  (n=7- 
14/group) 

Outcome  Measures 

PTEN/SOCS3  modified 

PERG 

WT  control 

a 
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At  different  time  points  (0,  7,  40  and  60  days)  after  intraorbital  optic  nerve 
crush,  PTEN/SOCS3-modified  or  control  animals  were  analyzed  for  PERG 
measurement.  The  PERG  amplitude  in  PTEN/SOCS3-modified  animals 
decreased  7  days  after  injury  but  in  4  eyes  out  of  7,  the  PERG  signal  then 
progressively  tended  to  a  recovery.  In  control  animals  PERG  did  not  show  any 
obvious  recovery  (data  not  shown). 
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Eigure  3.  Mean  PERG  amplitude  in  Pten/Socs3-modified  mice  before  and  at 
different  times  after  injury.  All  data  were  normalized  to  mean  baseline  values. 


In  addition,  we  have  recently  developed  new  methods  to  analyze  optic  axon 
regeneration  in  animal  tissues  without  physical  sectioning. 

Traditional  methods  of  assessing  RGC  axon  regeneration  rely  on  histological 
sectioning.  However,  tissue  sections  provide  fragmentary  information  about 
axonal  trajectory  and  termination.  To  unequivocally  evaluate  regenerating  RGC 
axons,  we  apply  tissue  clearance  and  light  sheet  fluorescence  microscopy 
(LSFM)  to  image  axons  in  whole  optic  nerve  and  brain  without  histological 
sectioning.  In  this  way,  we  demonstrate  the  strength  of  LSFM  for 
comprehensive  assessment  of  RGC  axon  regeneration,  and  unequivocally  reveal 
significant  axon  misguidance  after  injury.  This  work  (Luo  et  al.,  2013)  has  been 
published  in  Experimental  Neurology  (2013  September  Cover  Issue)  titled. 

Three-dimensional  evaluation  of  retinal  sanslion  cell  axon  reseneration  and 

pathfindins  in  unsectioned  tissue  after  optic  nerve  injury. 


Aim  3:  Optimize  shRNA  approach  to  promote  RGC  survival  and  regeneration.  PTEN,  SOCS3 
and  CHOP  will  be  knocked  down  alone  or  in  combination  using  shRNAs  to  improve  RGC 
survival  and  regeneration. 

In  this  Aim,  we  harness  shRNA  approach  to  knockdown  CHOP,  PTEN  or  SOCS3  in  RGCS  to 
promote  RGC  survival  and  axon  regeneration. 
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Using  concatenated  shRNA  construet  methods  (Chung  et  ah,  Nueleie  Aeids  Res.  2006;  34(7): 
e53),  we  generated  shRNA  plasmid  targeting  CHOP.  This  shRNA  method  allows  insertion  of 
multiple  sets  of  shRNA  sequenees  into  one  veetor,  thus  providing  high  degree  of  knoekdown 
effieacy.  After  eonfirming  plasmid  knockdown  efficacy  in  HEK  293  cells  subjected  to  ER  stress 
(treatment  with  ER  stress  indueer  thapsigargin),  we  generated  AAV2-shRNA  CHOP  to  test 
CHOP  knoekdown  effeets  on  RGC  survival  in  optie  nerve  erush  injury  model.  Our  AAV2  at 
certain  titer  allows  infection  of  RGC  specifically,  with  minimum  infection  of  non-RGC  cells. 
RGCs  infeeted  with  AAV2-shRNA  CHOP  show  reduction  CHOP  expression  using 
immunohistoehemistry  (unpublished  data). 

Adult  miee  received  AAV-shRNA  CHOP  injection  intravitreously.  At  14  days  after  injection, 
animals  received  intraorbital  optic  nerve  crush  injury.  At  14  days  after  crush,  CHOP  knockdown 
(Kd)  animals  were  analyzed  for  RGC  survival  and  axon  regeneration.  Immunostaining  using 
RGC-speeifie  marker  was  used  to  examine  RGC  survival.  Our  preliminary  results  show  that 
there  is  approximately  two  fold  inerease  in  RGC  survival  (42%  RGC  survival  in  shRNA  CHOP 
treated  animals,  eompared  to  18%  in  eontrol  animals). 
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Control  CHOP  Kd 


CHOP  knoekdown  promotes  RGC 
survival  following  axotomy.  Data 
are  presented  as  mean  %  of  RGC 
number  eompared  to  the  uninjured 
eontralateral  eye  at  2  weeks  after 
injury.  CHOP  Kd,  adult  miee 
subjeeted  to  AAV-shRNA  CHOP 
injeetion  two  weeks  prior  to  erush 
injury.  Control,  Adult  miee 
subjeeted  to  AAV-shRNA  targeting 
lueiferase  (eontrol  AAV). 
N=3/group.  *<0.05,  Student  t  test. 


Thus,  our  data  demonstrate  enhaneed  RGC  survival  following  optic  nerve  damage  by  targeting 
ER  stress  using  a  shRNA  viral  approach.  We  are  in  the  process  of  examining  whether  AAV 
administered  days  after  optie  nerve  injury  will  also  result  in  enhaneed  RGC  survival. 


In  addition  to  CHOP  shRNA,  we  have  used  the  same  shRNA  strategy  to  knoekdown  PTEN  (Eig, 
4).  Using  in  vivo  model  of  optie  nerve  crush  injury,  we  show,  for  the  first  time,  extensive  RGC 
axon  regeneration  using  AAV-shRNA  approaeh  (Eig.  5).  This  portion  of  work  involving 
shRNA  has  been  submitted  to  a  high  impact  journal  and  is  currently  under  a  review. 
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Figure  5,  AAV  modulation  of  PTEN  combined  with  other  growth  inducing  factors  improve 
axon  regeneration,  (A)  AAV2-shPTEN  construct  map.  Control  and  shPTEN  constructs  contain 
EGFP  reporter  (B)  PTEN  knockdown  shown  by  immunocytochemistry  in  cultured  cortical 
neurons.  (C)  Western  blot  of  protein  lysates  from  treated  cortical  neurons.  (D)  Flat-mounted 
retina  2  weeks  following  intravitreal  injection  of  AAV2-shPTEN,  and  staining  with  antibodies 
against  GFP  and  TUJl  (i.e.  RGC-marker)  shows  >90%  transduction  efficacy  in  RGCs.  (E) 
Retina  seetions  following  control  AAV  or  AAV2-shPTEN  injection  show  PTEN  knockdown  in 
ganglion  cell  layer.  (F)  Representative  sectioned  optic  nerves  of  mice  receiving  various  AAV 
treatments.  Control,  AAV-anti-Luc/EGFP;  shPTEN,  AAV2-PTEN;  CNTF/cAMP,  AAV2- 
CNTF/cpt-cAMP;  PC,  AAV2-shPTEN/AAV2-CNTF;  PCC,  AAV2-shPTEN/AAV2-CNTF/cpt- 
cAMP.  Asterisk;  lesion  site.  (F’)  Higher-magniiieation  images  of  the  boxed  area  in  (F).  (G) 
Quantification  of  regenerating  axon  (n=6-8/group).  *;  p<0.05,  Bonferroni  test  (PCC  significantly 
different  to  all  treatment  groups  except  to  PC).  Error  bars,  SEM.  Scale  bars;  B-E,  20  pm;  F,  100 
pm. 
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KEY  RESEARCH  ACCOMPLISHMENTS:  Bulleted  list  of  key  researeh  aeeomplishments 
emanating  from  this  researeh. 

•  Sueeessful  generation  of  triple  knoekout  miee  (i.e.  PTEN/SOCS3/CHOP  knoekout  miee) 
required  for  Aim  1  of  the  proposal. 

•  Sueeessful  assessment  of  retinal  ganglion  eell  survival  and  axon  regeneration  in  different 
animal  groups  subjeeted  to  eombinatory  PTEN/SOCS3/CHOP  and  XBPl  manipulation. 

•  Sueeessful  assessment  of  retinal  ganglion  eell  survival  and  axon  regeneration  in  different 
animal  groups  subjeeted  to  eombinatory  PTEN/SOCS3/CHOP  and  XBPl  manipulation. 

•  Sueeessful  assessment  of  pattern  eleetroretinograph  (PERG)  on  animals  subjeeted  to 
PTEN/SOCS3  pathway  manipulation. 

•  Establishment  of  novel  methods  (tissue  elearance  and  light  sheet  fluoreseent  mieroseopy) 
to  assess  optie  axon  regeneration  in  whole  mouse  tissues. 

•  Sueeessful  generation  of  shRNA  plasmid  against  CHOP. 

•  Sueeessful  generation  of  adeno-assoeiated  virus  (AAV)-shRNA  against  CHOP. 

•  Initiation  of  assessment  of  gene  therapy  (AAV)  approaeh  to  target  CHOP  to  promote 
RGC  survival. 

•  Sueeessful  generation  of  adeno-assoeiated  virus  (AAV)-shRNA  against  PTEN. 

•  Paper  presentation  at  the  2013  ARVO  meeting  on  our  data  pertaining  to  axon 
regeneration  and  new  imaging  teehniques. 


REPORTABLE  OUTCOMES:  Provide  a  list  of  reportable  outeomes  that  have  resulted  from 
this  researeh  to  inelude: 

Publications: 

Luo,  X.,  Salgueiro,  Y.,  Beekerman,  S.R.,  Lemmon,  V.P.,  Tsoulfas,  P.,  Park,  K.K.,  Three- 
dimensional  evaluation  of  retinal  ganglion  eell  axon  regeneration  and  path-finding  in  whole 
mouse  tissue  after  injury.  Experimental  Neurology,  247:653-62,  2013  (Issue  Cover). 

Chou,  T.H.,  Park,  K.K.,  Luo,  X.,  Poreiatti,  V.,  Retrograde  signaling  in  the  optie  nerve  is 
neeessary  for  eleetrieal  responsiveness  of  retinal  ganglion  eells.  Invest.  Ophthalmol.  Vis.  ScL, 
54:1236-43,2013. 

Luo,  X.,  Park,  K.K.,  Neuron-intrinsie  inhibitors  of  axon  regeneration:  PTEN  and  SOCS3.  Int. 
Rev.  Neurobiol,  105:141-73,  2012. 

Luo,  X.,  Yungher,  B.,  Park,  K.K.,  Applieation  of  tissue  elearanee  and  light  sheet  fluoreseent 
mieroseopy  to  assess  optic  nerve  regeneration  in  whole  mouse  tissue.  Methods  in  Molecular 
Biology,  Invited  Review  (in  press). 


7 


Award:  2013  FASEB  BioArt  (Video  winner)  Competition.  One  of  the  two  winners  of  the 
Federation  of  Ameriean  Soeieties  for  Experimental  Biology’s  (FASEB)  BioArt  eompetition.  The 
winning  images  will  be  used  in  FASEB ’s  efforts  to  engage  Members  of  Congress  and  edueate 
the  general  publie  in  dialogue  regarding  the  immense  value  of  the  biomedieal  and  biologieal 
researeh.  (http://www.faseb.org/About-FASEB/Seientilic-Contests/BioArt/Winners/20 13- 
Bio  Art- W  inners .  aspx) 


CONCLUSION:  In  summary,  we  have  had  a  very  successful  and  fruitful  year  undertaking  the 
proposed  studies.  Mostly  importantly,  we  have  performed  large  parts  of  the  Proposed  Aims  from 
which  we  have  obtained  extremely  interesting  and  promising  results.  We  have  discovered  that 
combining  genetic  modulations  to  target  multiple  genes,  namely  PTEN,  SOCS3,  CHOP  and 
XBPl  promotes  striking  neuronal  survival  and  axon  regeneration.  Further,  we  observed  that 
genetically  modified  RGCs  exhibit  relatively  normal  physiology,  a  critical  aspect  in  our  quest  to 
achieve  functional  restoration  after  optic  nerve  damage.  In  addition,  we  have  successfully 
developed  and  optimized  AAV  and  shRNA  approaches  to  target  multiple  genes,  and  promote 
RGC  survival  and  axon  regeneration.  This  is  extremely  exciting  because  we  now  show  for  the 
first  that  a  non-transgenic  approach  can  induce  extensive  optic  nerve  regeneration  in  post-injury 
treatment  paradigm.  This  part  of  work  has  been  submitted  for  publication,  and  is  currently  being 
reviewed.  We  also  established  new  imaging  methodologies  using  tissue  clearing  and  light  sheet 
fluorescent  microscope  to  evaluate  optic  nerve  regeneration  without  histological  sectioning.  This 
technique  will  change  the  way  researchers  assess  optic  nerve  regeneration  in  animal  models.  We 
anticipate  that  next  year  will  be  even  more  fruitful  and  exciting  given  the  accumulation  of 
intriguing  data  which  we  expect  to  submit  for  additional  publications  in  the  months  to  come. 
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Injured  retinal  ganglion  cell  (RGC)  axons  do  not  regenerate  spontaneously,  causing  loss  of  vision  in  glaucoma 
and  after  trauma.  Recent  studies  have  identified  several  strategies  that  induce  long  distance  regeneration  in 
the  optic  nerve.  Thus,  a  pressing  question  now  is  whether  regenerating  RGC  axons  can  find  their  appropriate 
targets.  Traditional  methods  of  assessing  RGC  axon  regeneration  use  histological  sectioning.  However,  tissue 
sections  provide  fragmentary  information  about  axonal  trajectory  and  termination.  To  unequivocally  evalu¬ 
ate  regenerating  RGC  axons,  here  we  apply  tissue  clearance  and  light  sheet  fluorescence  microscopy 
(LSFM)  to  image  whole  optic  nerve  and  brain  without  physical  sectioning.  In  mice  with  PTEN/SOCS3  deletion, 
a  condition  known  to  promote  robust  regeneration,  axon  growth  followed  tortuous  paths  through  the  optic 
nerve,  with  many  axons  reversing  course  and  extending  towards  the  eye.  Such  aberrant  growth  was  preva¬ 
lent  in  the  proximal  region  of  the  optic  nerve  where  strong  astroglial  activation  is  present.  In  the  optic  chi¬ 
asms  of  PTEN/SOCS3  deletion  mice  and  PTEN  deletion/Zymosan/cAMP  mice,  many  axons  project  to  the 
opposite  optic  nerve  or  to  the  ipsilateral  optic  tract.  Following  bilateral  optic  nerve  crush,  similar  divergent 
trajectory  is  seen  at  the  optic  chiasm  compared  to  unilateral  crush.  Centrally,  axonal  projection  is  limited  pre¬ 
dominantly  to  the  hypothalamus.  Together,  we  demonstrate  the  applicability  of  LSFM  for  comprehensive  as¬ 
sessment  of  optic  nerve  regeneration,  providing  in-depth  analysis  of  the  axonal  trajectory  and  pathfinding. 
Our  study  indicates  significant  axon  misguidance  in  the  optic  nerve  and  brain,  and  underscores  the  need 
for  investigation  of  axon  guidance  mechanisms  during  optic  nerve  regeneration  in  adults. 

®  2013  Elsevier  Inc.  All  rights  reserved. 


Introduction 

Retinal  ganglion  cells  (RGCs)  do  not  regenerate  their  axons,  lead¬ 
ing  to  loss  of  visual  functions  in  glaucoma  and  after  trauma  or  stroke. 
Studies  on  the  limited  regenerative  capacity  of  RGCs  have  identified 
several  strategies  that  stimulate  axon  regeneration.  These  include  en¬ 
hancing  the  intrinsic  growth  capacity  as  well  as  neutralizing  repulsive 
cues  in  the  environment  (Cho  et  al.,  2005;  Duffy  et  al.,  2012;  Leaver  et 
al.,  2006;  Lingor  et  al.,  2008;  Liu  et  al.,  2006;  Muller  et  al.,  2007;  Qiu  et 
al.,  2002;  Su  et  al.,  2008;  Winzeler  et  al.,  2011;  Wong  et  al.,  2003).  We 
and  others  have  used  knockout  (KO)  mice  to  demonstrate  that 
RGC-specific  deletion  of  PTEN  (phosphatase  and  tensin  homolog), 
SOCS3  (suppressor  of  cytokine  signaling  3)  or  I<LF4  (Kidippel  like 
factor  4)  induces  RGC  axon  regeneration  (Moore  et  al.,  2009;  Park  et 
al.,  2008;  Smith  et  al.,  2009).  More  recent  studies  have  shown  that 


*  Corresponding  author  at:  Miami  Project  to  Cure  Paralysis,  University  of  Miami,  Miller 
School  of  Medicine,  Miami,  FL,  33136,  USA. 

E-mail  addresses:  Xluo@med.miami.edu  (X.  Luo),  Ysalgueiro@med.miami.edu 
(Y.  Salgueiro),  Sbeckerman@med.miami.edu  (S.R.  Beckerman), 
Vlemmon@med.miami.edu  (V.P.  Lemmon),  Ptsoulfa@med.miami.edu  (P.  Tsoulfas), 
l<park@med. miami.edu  (ICK.  Park). 

0014-4886/$  -  see  front  matter  ®  2013  Elsevier  Inc.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.expneurol.2013.03.001 


combining  PTEN  KO  mice  with  either  SOCS3  deletion,  or  Zymosan 
and  a  cAMP  analogue  leads  to  substantially  more  regeneration  than 
targeting  them  individually  (de  Lima  et  al.,  2012;  Kurimoto  et  al., 
2010;  Sun  et  al.,  2011),  pointing  to  the  importance  of  targeting 
multiple  factors  to  induce  extensive  regeneration. 

With  the  recent  progress  made  in  promoting  RGC  axon  regenera¬ 
tion,  it  is  becoming  increasingly  important  to  investigate  whether 
regenerating  RGC  axons  can  find  their  targets  in  the  brain.  While 
appropriate  pathfinding  of  RGC  axons  has  been  documented  compre¬ 
hensively  in  regeneration-competent  species  including  fish  and  am¬ 
phibians  (Beazley  et  al.,  1997;  Becker  and  Becker,  2007;  Stelzner  et 
al.,  1986),  the  degree  to  which  RGC  axons  in  adult  mammals  correctly 
reinnervate  their  targets  is  unclear. 

A  common  method  for  assessing  optic  nerve  regeneration  is  histolog¬ 
ical  sectioning.  However,  tissue  sections  provide  incomplete  spatial  in¬ 
formation.  For  instance,  it  is  difficult  to  determine  the  precise  trajectory 
of  axons  or  their  final  destinations.  In  this  study,  we  applied  a  tetrahydro- 
furan  (THE)  based-clearing  method  that  renders  tissues  relatively  trans¬ 
parent  (Becker  et  al„  2012;  Erturk  et  al.,  2012),  and  combined  it  with 
LSFM,  allowing  deep  tissue  fluorescence  imaging  in  unsectioned  optic 
nerve  and  brain.  Using  these  methods,  we  found  in  PTEN/SOCS3  KO 
mice  that  regenerating  axons  follow  circuitous  paths,  with  many  axons 
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making  multiple  turns  and  extending  back  to  the  eye.  Axon  turning  was 
prevalent  in  nerve  regions  with  strong  astroglial  activation.  Many  RGC 
axons  generated  branches  in  the  optic  nerve  and  brain  as  they  re-grow. 
in  the  optic  chiasm,  a  major  decision  point  en  route  to  visual  targets, 
high  numbers  of  regenerating  axons  in  PTEN/SOCSS  KO  mice  or  PTEN 
KO/Zymosan/cAMP  analogue-treated  mice  diverge  into  the  ipsilateral 
optic  tract  or  to  the  opposite  optic  nerve.  Following  bilateral  optic 
nerve  crush,  a  similar  growth  pattern  is  seen  at  the  optic  chiasm  com¬ 
pared  to  unilateral  crush.  Centrally,  axonal  projection  is  limited  primarily 
to  the  hypothalamus,  in  summary,  we  demonstrated  the  combined  ap¬ 
plication  of  tissue  clearance  and  LSFM  for  comprehensive  analysis  of 
optic  nerve  regeneration,  providing  in-depth  assessment  of  the  axonal 
trajectory.  Our  study  shows  substantial  misdirection  of  RGC  axon  growth 
in  adult  mice,  and  underscores  the  need  for  investigation  into  the  mech¬ 
anisms  that  underlie  misguidance  during  regeneration  in  adults. 

Materials  and  methods 

All  experimental  procedures  were  performed  in  compliance  with 
animal  protocols  approved  by  the  lACUC  at  the  University  of  Miami 
Miller  School  of  Medicine.  For  all  surgical  procedures,  mice  were 
anaesthetized  with  ketamine  and  xylazine.  Eye  ointment  containing 
atropine  sulfate  was  applied  preoperatively  to  protect  the  cornea 
during  surgery,  and  Buprenorphine  (0.05  mg/kg,  Bedford  Lab)  was 
administrated  as  post-operative  analgesic. 

Mice,  optic  nerve  crush  injury  and  intravitreal  injection 

SOCSS’^VpTEN®'*^  (Sun  et  al.,  201 1 )  mice  (female;  4-6  week  old)  were 
intravitreally  injected  with  1-2  pi  volume  of  AAV2-Cre  in  the  left  eyes  at 
2  weeks  prior  to  crush  injury.  1  pi  (1  pg/pl)  ciliary  neurotrophic  factor 
(CNTF;  Pepro  Tech)  was  intravitreally  injected  immediately  after  injury 
and  at  3  days  post-injury,  and  bi-weekly  thereafter.  PTEN  KO/ZYM/ 
cAMP  mice,  PTEN*^*^  (Groszer  et  al.,  2001 )  (female;  8  week  old)  received 
intravitreal  AAV2-Cre  injection  followed  by  optic  nerve  crush  2  weeks 
later.  Zymosan  (Sigma-Aldrich;  12.5  pg/pL)  along  with  the  cAMP  ana¬ 
logue  CPT-cAMP  (Sigma;  50  pM,  3  pL)  was  injected  as  described  (de 
Lima  et  al.,  2012),  Zymosan  and  CPT-cAMP  were  injected  intravitreally 
immediately  after  crush  injury,  and  additional  Zymosan  at  half  the  orig¬ 
inal  dose  plus  CPT-cAMP  at  the  original  dose  again  3  and  6  week  later. 
For  each  intravitreal  injection,  a  glass  micropipette  was  inserted  into 
the  peripheral  retina,  just  behind  the  ora  serrata,  and  was  deliberately 
angled  to  avoid  damage  to  the  lens.  For  optic  nerve  crush  injury,  the 
optic  nerve  was  exposed  intraorbitally  and  crushed  with  jeweler's 
forceps  (Dumont  #5;  tip  dimension,  0.1  x  0.06  mm)  for  5  s  approxi¬ 
mately  1  mm  behind  the  optic  disc.  Using  retrograde  and  anterograde 
experiments,  completeness  of  axotomy  has  been  confirmed  in  our  previ¬ 
ous  study  (Park  et  al.,  2008).  Two  to  7  days  before  sacrifice,  1-2  pi  of  chol¬ 
era  toxin  (i  subunit  (CTB)-Alexa  555  (2  pg/pl,  Invitrogen)  was  injected 
into  the  vitreous  with  a  Hamilton  syringe  (Hamilton)  to  anterogradely 
label  regenerating  RGC  axons.  ALDHILI-EGFP  (Doyle  et  al.,  2008;  Yang 
et  al.,  2011),  PLP-EGFP  (Mallon  et  al.,  2002)  and  CX3CR1-EGFP  mice 
Qung  et  al.,  2000)  received  unilateral  optic  nerve  crush.  At  14-17  days 
later,  optic  nerves  from  these  transgenic  mice  were  treated  for  tissue 
clearance  and  analyzed  for  the  distribution  of  glial  cells  in  the  injured 
optic  nerve.  Uninjured  mice  (C57BL/6  at  5  week  old)  with  bilateral  CTB 
tracing  received  intravitreal  CTB-555  injection  in  the  right  eye  and 
CTB-488  injection  in  the  left  eye. 

AAVs 

cDNA  of  Cre  was  inserted  downstream  of  the  CMV  promoter/ 
(i-globin  intron  enhancer  in  the  plasmid  pAAV-MCS  (Stratagene), 
containing  the  AAV2  inverted  terminal  repeats  and  a  human  growth 
hormone  polyA  signal.  pAAV-RC  (Stratagene)  that  encodes  the  AAV2 
genes  (rep  and  cap)  and  the  helper  plasmid  (Stratagene)  that  encodes 


E2A,  E4  and  VA  were  used  for  co-transfection  of  293T  cells  to  generate 
recombinant  AAV.  AAV2  viral  particles  were  prepared  by  the  University 
of  Miami  Viral  Vector  Core  using  an  FPLC  method  to  produce  titers  of 
approximately  4  x  10’^  particles/mL 

Tissue  preparation  and  clearing 

Mice  were  perfused  transcardially  with  PBS  followed  by  4%  parafor¬ 
maldehyde  (PFA)  in  phosphate  buffered  saline  (PBS)  at  5  ml/min.  The 
optic  nerve  and  the  brain  were  dissected  and  post-fixed  with  4%  PFA  in 
PBS  overnight.  For  histological  sectioning,  samples  were  cryoprotected 
by  incubating  in  30%  sucrose  overnight.  For  tissue  clearing,  samples 
were  rinsed  with  PBS  and  stored  at  4  °C  until  needed.  Tissue  clearing 
was  performed  as  described  (Becker  et  al.,  2012;  Erturk  et  al.,  2012), 
with  minor  modifications.  Samples  underwent  dehydration  by  incuba¬ 
tion  in  increasing  concentration  of  THE  (Sigma-Aldrich)  solutions 
under  constant  rocking.  Optic  nerves  were  incubated  in  50%  THF  (diluted 
in  water  v/v),  80%  THF  (v/v)  and  1 00%  THF  for  1 5  min  each.  Dehydrated 
optic  nerve  was  rendered  clear  by  incubating  in  BABB  (a  mixture  of  ben¬ 
zyl  alcohol  and  benzyl  benzoate  (Sigma-Aldrich)  at  a  ratio  of  1;2)  for 
20  min.  Adult  mouse  brain  was  incubated  in  50%  THF  for  12  h,  80% 
THF  for  12  h,  100%  THF  for  3  x  12  h,  and  BABB  for  12  h  before  imaging. 

LSFM  (ultramicroscopy) 

Ultramicroscope  illuminates  specimen  with  a  thin  sheet  of  light 
formed  by  two  lenses,  allowing  imaging  of  large  tissues,  yet  with 
cellular  resolution  (Fig.  1C).  Ultramicroscopy  was  performed  as  previ¬ 
ously  described  (Erturk  et  al.,  2012).  Between  100  and  500  optical 
slices  were  imaged.  The  scan  speed  was  0.5-1.5  s  per  section,  which 
was  about  2-3  min  for  the  optic  nerve  and  5-10  min  for  the  brain 
for  a  complete  scan  of  the  tissue.  Images  were  collected  at  2  to  5  |jm 
increment  in  Z  axis. 

Image  processing,  neurite  tracing  and  statistical  analysis 

Images,  videos  and  3D  volume  rendering  were  prepared  using 
Imaris  software  v7.6.1  (Bitplane).  CTB-labeled  RGC  axons  in  the 
optic  nerve  and  brain  were  traced  using  Imaris  Filament  Tracer 
Module.  To  quantify  the  number  of  axons  that  regenerated  long 
distances  in  the  optic  nerve,  we  counted  the  CTB-labeled  fibers  that 
crossed  different  distances  from  the  lesion  site  after  scanning  through 
100  to  200  individual  horizontal  optical  slices.  To  quantify  the  num¬ 
ber  of  axons  that  extended  into  different  regions  beyond  the  optic 
chiasm,  we  counted  the  CTB-labeled  fibers  that  were  found  in  the 
optic  tracts,  opposite  optic  nerve  and  hypothalamus  after  scanning 
through  100  to  300  individual  horizontal  optical  slices.  We  used 
Student’s  t  test  for  two  group  comparisons  using  SPSS  statistics 
software. 

Results 

3D  visualization  of  RGC  axonal  projections  in  uninjured  mouse 

In  this  study,  we  set  out  to  apply  tissue  clearance  and  LSFM  to 
evaluate  regeneration  of  RGC  axons  without  histological  sectioning. 
Initially  we  visualized  RGC  axonal  projections  in  the  whole  brain  of 
uninjured  animal.  Adult  mice  received  intravitreal  injection  of 
fluoropbore-conjugated  CTB,  a  lipophilic  tracer  used  routinely  to  label 
CNS  axons  in  regeneration  studies.  Seven  days  later,  samples  were 
processed  for  tissue  clearance.  THF-based  clearing  methods  rendered 
mouse  optic  nerve  and  brain  transparent  to  a  large  extent  (Figs.  lA 
and  B).  A  total  of  1  h  incubation  in  THF/BABB  solutions  was  sufficient 
to  clear  the  optic  nerve,  while  it  took  approximately  3  days  for  the 
brain.  Normally,  RGCs  send  axons  to  central  targets  including  tbe  lateral 
geniculate  nucleus  (LGN)  and  superior  colliculus  (SC),  which  are 
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Fig.  1.  Tetrahydrofuran  (THF)-based  tissue  clearing  and  LSFM  methods  allow  3D  visualization  of  RGC  axonal  projections  in  whole  tissue.  A,  adult  mouse  optic  nerve  and  chiasm,  and 
B,  whole  hrain  before  and  after  clearance  with  THF  and  BABB.  C,  principle  of  LSFM.  Optic  nerves  and  brains  were  cleared,  and  then  imaged  under  an  Ultramicroscope  (LaVision 
Biotec).  Horizontal  optical  slices  were  compiled  using  Imaris  software  for  3D  reconstruction.  D-l,  snapshot  images  from  3D  reconstruction  video.  Anterior,  D  and  lateral,  E  views 
of  a  cleared  brain  displaying  the  trajectoiy  of  CTB-labeled  RGC  axons  from  the  eye,  through  the  chiasm  and  into  the  brain.  All  visual  targets  including  the  suprachiasmatic  nucleus, 
lateral  geniculate  nucleus  and  superior  colliculus  both  in  the  ipsilateral  and  contralateral  sides  of  the  brain  can  be  clearly  visualized.  F-1,  higher  magnification  images  taken  from  3D 
reconstruction  showing  axonal  projections  to  the  chiasm  and  SCN,  and  diverging  into  the  ipsilateral  and  contralateral  optic  tracts  in  F,  to  the  opposite  optic  nerve  in  G  (arrowhead 
indicates  CTB-labeled  axons),  ipsilateral  and  contralateral  superior  colliculus  in  H,  and  contralateral  lateral  geniculate  nucleus  in  I.  In  G,  yellow  and  red  dotted  lines  represent  the 
chiasm  midline  and  the  optic  nerve-chiasm  transition  zone,  respectively.  Ex.  L,  excitation  light;  Em.  L,  emission  light;  Obj,  objective;  SC,  superior  colliculus;  SCN,  suprachiasmatic 
nucleus;  LGN,  lateral  geniculate  nucleus;  ipsi,  ipsilateral;  contra,  contralateral;  OX,  optic  chiasm.  Scale  bars,  1  mm  in  A  and  B. 


involved  in  image-forming  visual  functions,  RGC  axons  also  Innervate 
the  suprachiasmatic  nucleus  (SCN)  and  olivary  pretectal  nucleus 
(OPT)  that  are  involved  in  non-image  forming  visual  functions.  After 
imaging  the  entire  depth  of  the  brain,  approximately  500  optical  slices 
(Movie  1)  were  compiled  using  Imaris  software  for  3D  reconstmction. 
RGC  axons  can  be  visualized  in  3D  with  remarkable  detail  along  the 
entire  visual  pathway  through  the  optic  nerve,  chiasm  and  optic  tracts 
to  the  SCN,  OPT,  LGN,  and  SC  (Figs.  ID-I,  Movies  1  and  2).  In  mice,  a 
small  proportion  of  RGCs  located  in  the  ventro-temporal  retina  send 


their  axons  to  the  ipsilateral  brain.  The  Ipsilateral  projection  stemming 
from  the  optic  chiasm  to  the  various  brain  regions  is  clearly  visible 
(Movie  2),  with  axons  terminating  in  the  dorsal  and  ventral  LGN  (Figs. 
ID-I),  and  in  the  different  layers  of  the  SC  (Fig.  IH).  We  also  detected 
several  RGC  axons  (10-30  axons;  n  =  4)  that  turn  at  the  optic  chiasm 
and  project  to  the  opposite  optic  nerve  (Fig.  IG),  confirming  that 
some  axons  are  misrouted  at  the  chiasm  during  development  (Bunt  et 
al.,  1983).  Together,  we  show  that  tissue  clearance  combined  with 
LSFM  allows  3D  visualization  of  the  entire  optic  pathway  as  well  as 
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single  axons  that  leave  the  main  bundle,  providing  excellent  details 
regarding  the  paths  taken  by  RGC  axons. 

3D  assessment  of  regenerating  axons  shows  high  degree  of  axon  turning 

Next,  we  assessed  regenerating  RGC  axons  following  injury.  To 
this  end,  we  analyzed  animals  with  genetic  deletion  of  PTEN/SOCS3 
in  adult  RGCs,  together  with  intravitreal  injection  of  CNTF,  a  condition 
known  to  promote  long  distance  regeneration  of  many  RGC  axons 
after  an  optic  nerve  crush  (Sun  et  al.,  2011).  Adult  PTEN/SOCSS*^^*^ 
mice  received  intravitreal  Injection  of  AAV2-Cre  to  Induce  PTEN/ 
SOCS3  deletion  in  adult  RGCs,  followed  by  an  intraorbital  crush  injury 


2  weeks  later  (Sun  et  al.,  2011).  Animals  received  CNTF  injection  on 
the  day  of  injury,  at  3  day  post-injury,  and  bi-weekly  thereafter.  Pre¬ 
viously,  we  have  demonstrated  that  AAV2-Cre  at  appropriate  viral 
titers  Infects  the  majority  of  RGCs  in  adult  mice  (Park  et  al.,  2008; 
Sun  et  al.,  2011).  Control  animals  received  AAV-GFP  injection.  Two 
days  prior  to  sacrifice,  animals  received  CTB  injection  to  label 
regenerating  RGC  axons.  In  control  animals,  a  few  axons  sprouted 
short  distances  at  the  lesion  site,  but  no  axons  were  found  beyond 
1  mm  from  the  lesion  site  at  17  day  post-injury  (n  =  5;  Fig.  2A, 
Movie  3).  On  the  other  hand,  many  axons  extended  into  and  beyond 
the  lesion  in  PTEN/SOCS3  KO  mice  (Figs.  2A  and  E,  Movie  4).  The  use 
of  LSFM  allowed  comprehensive  evaluation  of  three  different  aspects 
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Fig.  2. 3D  assessment  of  regenerated  RGC  axons  in  the  cleared  optic  nerve.  A,  3D  reconstructed  optic  nerves  of  control  AAV-GFP  treated  mice  and  PTEN/SOCS3  KO  mice  at  17  day 
post-injury.  B-D,  neurite  tracing  of  single  fiber  showing  different  growth  patterns.  Some  axons  travel  in  a  relatively  straight  along  the  optic  nerve  towards  the  chiasm  (to  the  right 
side  of  the  image)  as  shown  in  B,  or  loop  back  towards  the  eye  (to  the  left  side  of  the  image)  as  shown  in  C.  Some  axons  generate  branches  as  they  extend  within  the  optic  nerve  as 
shown  in  D.  E,  quantification  of  the  number  of  CTB-labeled  axons  found  at  different  distances  away  from  the  lesion  site  (n  =  5).  Red  asterisk,  lesion  site.  *p  <  0.01,  Student's  t  test. 
Scale  bars,  200  pm. 
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of  axon  growth  that  are  difficult  to  obtain  in  histological  sections. 
First,  LSFM  allowed  direct  counting  of  almost  all  fibers  that  have 
regenerated  long  distances  through  the  optic  nerve.  By  scanning 
through  individual  optical  slices  (i.e.  z-stack  images  taken  at  2-5  pm 
increments;  a  total  of  150-200  optical  slices/optic  nerve),  we  could 
count  individual  CTB  labeled  fibers  crossing  different  distances  distal 
to  the  lesion  site  in  PTEN/SOCS3  KO  mice  (n  =  5;  Fig.  2E).  Second,  it 
allowed  unequivocal  examination  of  the  axonal  trajectories  along  their 
regenerative  paths,  and  where  the  regenerated  axons  terminate.  Nota¬ 
bly,  we  found  that  while  a  few  RGC  axons  project  relatively  straight  to¬ 
wards  the  brain  (Eig.  2B),  most  axons  have  a  meandering  path.  Many 
axons  made  sharp  turns  (often  multiple  occasions)  with  some  axons  re¬ 
versing  course  and  projecting  towards  the  eye  (Eig.  2C  &  Movie  4).  These 
results  are  consistent  with  a  recent  study  by  Pernet  et  al.,  in  which  many 
axons  that  were  induced  to  regenerate  were  shown  to  take  circuitous 
paths  in  the  optic  nerve  following  elevation  of  CNTE  (Pernet  et  al., 
2012).  We  noticed  in  our  study  that  these  “turning  events”  seemed 
highly  prevalent  in  the  proximal  nerve  regions  close  to  the  lesion  site. 
We  traced  the  paths  of  axons  (a  total  of  80  axons)  within  this  proximal 
nerve  region  (i.e.  a  region  covering  0.2-0.4  mm  distal  to  the  optic  nerve 
head)  and  found  that  about  40%  of  axons  made  at  least  one  U-turn 
(Fig.  2F).  On  the  other  hand,  only  about  10%  of  regenerating  axons 
made  U-turn  in  the  more  distal  nerve  region  (i.e.  1-1.2  mm  distal  to 
the  optic  nerve  head;  Fig.  2F).  We  performed  optic  nerve  crush  in  trans¬ 
genic  mice  in  which  astrocytes,  oligodendrocytes  or  microglial  cells  are 
labeled  with  EGFP  to  examine  the  correlation  between  the  presence  of 
gliai  cells  and  axon  turning  (Supplementary  Fig.  1 ).  After  LSFM,  we  ob¬ 
served  high  astrocyte  density  in  the  proximal  region  of  the  optic  nerve 
close  to  the  lesion  site  in  ALDHILI-EGFP  mice  (n  =  3;  Supplementary 
Fig.  1).  These  results  suggest  that  the  nerve  region  with  a  high  degree 
of  axon  turning  may  correspond  to  the  areas  with  strong  astroglial  acti¬ 
vation.  Third,  3D  visualization  provided  detailed  examination  of  the 
axonal  morphologies.  For  instance,  it  is  clear  that  some  RGC  axons 
generate  branches  as  they  re-grow  along  the  optic  nerve  (Fig.  2D  & 
Movie  4),  a  morphogenetic  process  normally  found  in  growing  axons 
during  nervous  system  development.  Approximately  10-20%  of  axons 
traced  in  PTEN/SOCS3  KO  showed  at  least  one  axonal  branch.  Together, 
we  demonstrate  that  at  present,  tissue  clearance  combined  with  LSFM 
represents  the  most  precise  method  to  assess  RGC  axon  regeneration, 
allowing  unequivocal  assessment  of  axonal  trajectories  and  growth 
patterns  in  the  optic  nerve. 

3D  assessment  of  axonal  projections  to  the  brain 

Recent  studies  from  us  and  others  demonstrated  that  PTEN  KO  alone 
or  in  combination  with  other  strategies,  such  as  SOCS3  deletion,  pro¬ 
mote  long  distance  axon  regeneration,  with  RGC  axons  projecting  to 
the  brain  (de  Lima  et  al.,  2012;  Kurimoto  et  al.,  2010;  Sun  et  al., 
2011).  Because  histological  sections  provide  incomplete  spatial  infor¬ 
mation  about  axonal  trajectory  and  where  RGC  axons  terminate  in  the 
brain,  we  applied  LSEM  to  examine  axonal  projections  in  the  brain. 
After  imaging  the  entire  brain,  approximately  500  optical  slices  were 
compiled  using  Imaris  software  for  3D  reconstruction.  At  10  week 
post-injuiy,  RGC  axons  were  not  detected  in  tbe  optic  chiasm  or  brain 
of  AAV-GFP  control  animals  (data  not  shown).  In  PTEN/SOCS3  KO 
animals  however,  many  CTB-labeled  regenerating  axons  reached  the 
optic  nerve/chiasm  transition  zone  (OCTZ)  (a  mean  of  1 19  fibers/animal; 
n  =  8;  SEM  =  16.5).  To  evaluate  the  axonal  projections  through  the 
optic  chiasm  and  to  the  brain,  we  measured  the  number  of  axons 
projecting  to  different  brain  regions.  In  all  animals  examined  (n  =  8), 
similar  or  higher  numbers  of  axons  were  found  in  the  ipsilateral  optic 
tract  than  in  the  contralaterai  optic  tract  (Figs.  3E  and  G,  Movie  5).  In 
all  animals,  we  obseia/ed  that  a  small  percentage  of  RGC  axons  also  ex¬ 
tend  into  the  opposite  uninjured  optic  nerve  (Figs.  3E  and  G,  Movie  5). 
Some  axons  appeared  to  be  inhibited  from  entering  the  OCTZ,  or  turn 
sharply  at  the  OCTZ  before  continuing  to  project  into  the  optic  tracts 


(Fig.  3B).  In  the  brain,  a  few  axons  extended  medial-dorsally  into  the  hy¬ 
pothalamic  brain  regions  including  the  SCN  and  medial  pre-optic  area, 
while  some  axons  exited  the  optic  tracts  to  reach  the  lateral  hypothala¬ 
mus  (Figs.  3C  and  D,  Supplementaiy  Fig.  2),  In  some  animals,  we  found 
regenerating  axons  in  abnormal  regions  that  are  not  typically  associated 
with  the  optic  pathway  including  the  fornix  and  extended  amygdala 
(unpublished  data).  RGC  axons  were  not  detected  in  the  more  distant  vi¬ 
sual  targets  including  LGN  or  SC  (Fig.  3,  Supplementary  Fig.  2,  Movie  5). 
We  also  examined  axon  regeneration  in  animals  subjected  to  shorter 
and  longer  suraval  times  (i.e.  8  and  16  weeks  after  injuiy;  unpublished 
data).  However,  among  these  time  points,  we  observed  the  greatest 
degree  of  axon  regeneration  (i.e.  axon  number  and  length  in  the  brain) 
in  the  brain  at  10  week  post-injury  time  point. 

To  ensure  that  the  axonal  projections  observed  using  LSFM  are  not 
under-represented  by  potential  loss  of  CTB  signal  during  the  clearing 
procedure,  LSFM  results  were  corroborated  by  examining  fibers  in 
coronal  brain  sections  from  a  separate  set  of  animals  (n  =  8).  In 
coronal  sections,  CTB-labeled  RGC  axons  were  found  mainly  in  the 
hypothalamus  region  including  the  SCN,  anterior  hypothalamic  area 
and  ventromedial  hypothalamus  (Supplementary  Fig.  2).  Laterally, 
some  axons  travelled  short  distances  within  the  degenerated  optic 
tracts.  RGC  axons  were  not  found  in  the  more  distant  targets,  LGN 
and  SC  (Supplementary  Fig.  2).  Immunohistochemical  staining  of 
the  brain  sections  using  CTB  antibody  to  amplify  the  signal  did  not 
detect  regenerated  axons  in  midbrain  targets,  LGN  and  SC. 

3D  assessment  of  axonal  projection  in  PTEN  KO/Zymosan/cAMP 
analogue- treated  mice 

It  was  recently  reported  that  PTEN  KO  combined  with  Zymosan 
and  the  cAMP  analogue  (PTEN  KO/ZYM/cAMP)  promotes  extensive 
long  distance  regeneration  of  RGC  axons.  Strikingly,  regenerating 
RGC  axons  in  these  mice  were  reported  to  re-innervate  all  the 
major  visual  targets  including  the  OPT,  LGN  and  SC  (de  Lima  et  al., 
2012).  Thus,  we  applied  LSFM  to  examine  axon  regeneration  to  the 
brain  in  PTEN  KO/ZYM/cAMP  mice.  Adult  PTEN^^^  mice  received  an 
intravitreal  AAV-Cre  injection  2  weeks  prior  to  a  crush  injury,  and  Zy¬ 
mosan  and  the  cAMP  analogue  were  administered  during  the  survival 
time  as  previously  described  (de  Lima  et  al.,  2012).  At  10  to  12  weeks 
after  injury,  the  optic  nerves  and  brains  were  cleared  using  THE  and 
imaged  with  the  LSEM.  Live  to  7  days  prior  to  sacrifice,  CTB  was 
injected  to  label  the  regenerating  axons.  As  expected,  many  axons 
regenerated  long  distances  in  the  optic  nerve  of  the  PTEN  KO/ZYM/ 
cAMP  mice  (Pig.  4B).  Similar  to  the  axon  number  reported  previously 
(de  Lima  et  al.,  2012),  many  RGC  axons  (a  mean  of  112  fibers/animal; 
n  =  9;  SEM  =  19.5)  elongated  long  distances  (4-5  mm  distal  to  the 
lesion  site)  to  reach  the  optic  chiasm  (Fig.  4B).  In  the  brain,  the  axonal 
projection  was  similar  to  that  of  PTEN/SOCS3  KO  mice.  In  general,  sim¬ 
ilar  or  higher  numbers  of  axons  were  found  in  the  ipsilateral  optic  tract 
than  in  the  contralateral  optic  tract  (Figs.  4E  and  G).  A  few  RGC  axons 
extended  into  the  opposite  uninjured  optic  nerve  (Figs.  4E  and  G), 
while  others  projected  dorsally  to  the  SCN  (Supplementary  Fig.  3). 
Some  axons  also  exited  the  optic  tracts  and  extended  into  the 
lateroanterior  hypothalamic  nucleus  or  supraoptic  nucleus.  RGC  axons 
were  not  detected  in  the  OPT,  LGN  and  SC  (Supplementaiy  Fig.  3). 

3D  assessment  of  axonal  projections  following  bilateral  optic  nerve  crush 

The  optic  chiasm  is  a  region  where  RGC  axons  from  each  eye  meet 
(Movie  6).  As  previously  mentioned,  some  regenerating  axons  made 
sharp  turns  upon  reaching  the  optic  chiasm,  suggesting  that  intact 
axons  from  the  contralateral  eye  may  affect  the  trajectory  of 
regenerating  axons  in  this  region.  To  examine  this  possibility,  we  car¬ 
ried  out  a  bilateral  crush  experiment.  AAV-Cre/rCNTF  was  injected 
into  the  left  eye  of  PTEN/SOCS3  floxed  mice,  followed  by  crush  on 
both  optic  nerves  2  weeks  later.  At  10  weeks  after  bilateral  crush 
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Fig.  3. 3D  visualization  of  axonal  projections  in  the  brain.  A,  schematic  diagram  of  mouse  brain  showing  horizontal  planes  at  which  individual  optical  slices  in  B-D  are  derived  from.  B-D, 
several  representative  horizontal  optical  slices  collected  from  an  unsectioned  brain  of  PTEN/SOCS3  KO  animal  following  LSFM.  B'-D',  higher  magnification  of  the  respective  white  boxed 
area  in  B-D.  Yellow  arrows  indicate  CTB-labeled  axons.  CTB-labeled  axons  are  found  immediately  before  the  optic  chiasm  as  shown  in  B.  Some  axons  extended  medial-dorsally  into  the 
hypothalamic  brain  regions  including  the  SCN  as  shown  in  C,  and  medial  pre-optic  area  as  shown  in  D.  E,  ventral  view  of  the  3D  reconstruction  of  traced  fibers  near  the  optic  chiasm.  Neurite 
tracing  and  3D  volume  rendering  were  done  using  Imaris  software.  E,  lateral  view  of  the  3D  reconstruction  of  axonal  projections  into  the  brain.  Inset  shows  low  magnification  of  the  whole 
brain  following  3D  reconstruction.  G,  quantification  of  axonal  trajectory  into  different  regions  (i.e.  ipsi/contralateral  optic  tracts,  opposite  optic  nerve  or  hypothalamic  regions).  Values  are 
presented  as  percentages  of  total  axons  that  have  exited  the  optic  chiasm  in  6  individual  animals  (case  #1-6).  C,  caudal;  ON,  optic  nerve;  OT,  optic  tract;  OX,  optic  chiasm;  R,  rostral;  SCN, 
suprachiasmatic  nucleus.  Scale  bar,  100  pm  in  D. 


injury,  we  observed  that  while  similar  numbers  of  axons  regenerated 
up  to  the  optic  chiasm  compared  to  the  animals  receiving  a  unilateral 
crush,  higher  numbers  of  axons  regenerated  into  and  beyond  the 
optic  chiasm.  However,  the  overall  trajectory  pattern  at  the  optic 
chiasm  was  similar  compared  to  unilateral  crush.  Similar  or  higher 
numbers  of  axons  extended  into  the  ipsilateral  optic  tract  than  to 
the  contralateral  optic  tract,  with  a  few  axons  extending  also  into 
the  opposite  optic  nerve.  Some  axons  projected  dorsally  to  reach 
the  SCN,  or  medial  pre-optic  area  (Fig.  5). 

Discussion 

We  have  applied  tissue  clearance  and  LSFM  to  obtain  a  compre¬ 
hensive  assessment  of  RGC  axon  regeneration  after  injury.  Using 
these  methods,  we  were  able  to  image  the  entire  mouse  optic  nerve 


and  brain,  providing  3D  visualization  of  the  optic  pathways  from 
the  eye  through  the  brain.  This  approach  allowed  not  only  visualiza¬ 
tion  of  the  main  axon  bundles  that  make  up  the  visual  pathway  in 
normal  animals,  but  it  also  enabled  detection  of  single  axons  that 
leave  the  main  pathway  to  stream  into  aberrant  regions.  For  instance, 
in  all  uninjured  control  mice  examined,  between  10  and  30  axons 
were  found  to  turn  at  the  optic  chiasm  and  project  long  distances 
into  the  contralateral  optic  nerve,  confirming  that  some  RGC  axons 
are  misrouted  at  the  chiasm  during  development  and  persist  in  the 
adult  (Bunt  et  al.,  1983).  Thus,  these  results  highlight  the  strength 
of  3D  imaging  to  detect  small  numbers  of  axons  that  would  have 
been  difficult  to  identify  in  histological  sections.  In  addition  to  obseiAf- 
ing  axonal  trajectories,  we  also  found  that  some  RGC  axons  generate 
branches  as  they  regenerate.  During  development,  RGC  axons  gener¬ 
ate  branches  to  connect  with  multiple  synaptic  targets,  a  process 
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Fig.  4. 3D  visualization  of  axonal  projections  in  the  brain  of  PTEN  KO/ZYM/cAMP  mice.  A,  schematic  diagram  of  mouse  brain  showing  horizontal  planes  at  which  the  images  in  B-D  are 
derived  from.  B-D,  several  representative  horizontal  optical  slices  collected  from  an  unsectioned  brain  of  PTEN  KO/ZYM/cAMP  animal  following  LSFM.  B'-D',  higher  magnification  of  the 
respective  white  boxed  area  in  B-D.  Yellow  aiTows  indicate  CTB-labeled  axons.  CTB-labeled  axons  are  found  in  the  distal  optic  nerve  near  the  optic  chiasm  as  shown  in  B,  in  the  SCN  as 
shown  in  C  and  in  the  optic  tract  as  shown  in  D.  E,  ventral  view  of  the  3D  reconstruction  of  traced  fibers  near  the  optic  chiasm.  F,  lateral  view  of  the  3D  reconstruction  of  axonal  projections 
into  the  brain.  Inset  shows  low  magnification  of  the  whole  brain  following  3D  reconstruction.  G,  quantification  of  axonal  trajectory  into  different  regions  (i.e.  ipsi/contralateral  optic  tracts, 
opposite  optic  nerve  or  hypothalamic  regions).  Values  are  presented  as  percentages  of  total  axons  that  have  exited  the  optic  chiasm  in  6  individual  animals  (case  #1-6).  Red  dotted  line  in 
C'  represents  optic  nerve-optic  chiasm  transition  zone.  C,  caudal;  ON,  optic  nerve;  OT,  optic  tract;  OX,  optic  chiasm;  R,  rostral;  SCN,  suprachiasmatic  nucleus.  Scale  bar,  100  pm  in  D. 


known  to  be  regulated  in  part  by  target-derived  trophic  factors  sucb 
as  nerve  growth  factor  and  brain  derived  neurotrophic  factor 
(Gibson  and  Ma,  2011).  Although  some  regenerated  axons  in  our 
study  generated  branches  prematurely  within  optic  nerve,  other 
axons  generated  branches  in  the  hypothalamus,  raising  the  possibility 
that  the  regenerated  axons  could,  in  principle,  re-establish  connec¬ 
tions  with  multiple  synaptic  targets  in  the  adults.  LSFM  also  allowed 
more  accurate  determination  of  regenerating  fiber  numbers.  While 
it  was  challenging  to  directly  count  the  axons  close  to  the  lesion 
because  of  the  dense  axonal  projection,  we  were  able  to  directly 
count  virtually  all  axons  that  regenerated  long  distances. 


To  innervate  the  visual  targets  in  the  brain,  regenerating  RGC 
axons  must  travel  long  distance  along  tbe  optic  nerve  and  then  cor¬ 
rectly  pathfind  through  various  regions  in  the  brain.  While  it  has 
been  a  major  challenge  to  develop  strategies  that  stimulate  RGC 
axons  to  regenerate  long  distances  in  the  first  place,  studies  over 
the  past  several  years  have  shown  that  this  is  feasible,  at  least  for 
some  RGCs.  For  example,  in  adult  Bcl-2tg  mice,  virally-induced 
over-expression  of  CNTF  promotes  long  distance  regeneration  to  the 
optic  chiasm  (Leaver  et  al.,  2006).  Very  recently,  Pernet  et  al.,  demon¬ 
strated  that  the  expression  of  CNTF  using  AAV2  alone  induces  long 
distance  regeneration  of  RGC  axons  in  wild  type  mice  (Pernet  et  al.. 
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Fig.  5. 3D  visualization  of  axonal  projections  in  the  brain  following  bilateral  optic  nerve  crush.  A,  schematic  diagram  of  mouse  brain  showing  horizontal  planes  at  which  the  images 
in  B-D  are  derived  from.  B-F,  several  representative  horizontal  optical  slices  collected  from  an  unsectioned  brain  of  PTEN/SOCS3  KO  animal  following  LSFM.  B'-D',  higher  magni¬ 
fication  of  the  respective  white  boxed  area  in  B-F.  Yellow  arrows  indicate  CTB-labeled  axons.  CTB-labeled  axons  extend  through  the  optic  chiasm  and  into  the  optic  tracts  and 
hypothalamus.  F,  ventral  view  of  the  3D  reconstruction  of  traced  fibers  near  the  optic  chiasm.  F,  lateral  view  of  the  3D  reconstruction  of  axonal  projections  into  the  brain.  Inset 
shows  low  magnification  of  the  whole  brain  following  3D  reconstruction.  G,  quantification  of  axonal  trajectory  into  different  regions  (i.e.  ipsi/contralateral  optic  tracts,  opposite 
optic  nerve  or  hypothalamic  regions).  Values  are  presented  as  percentages  of  total  axons  that  have  exited  the  optic  chiasm  in  6  individual  animals  (case  #1-6).  C,  caudal;  ON, 
optic  nerve;  OT,  optic  tract;  OX,  optic  chiasm;  R,  rostral;  SCN,  suprachiasmatic  nucleus.  Scale  bar,  100  pm  in  D. 


2012).  In  addition,  PTEN  deletion  in  RGCs,  combined  with  SOCS3 
deletion/CNTF  injection  (Sun  et  al.,  2011),  or  with  Zymosan  and 
cAMP  analogue  (de  Lima  et  al.,  2012;  Kurimoto  et  al.,  2010)  promoted 
extensive  long  distance  regeneration  in  the  optic  nei've,  allowing 
some  RGC  axons  to  reach  into  the  brain.  Using  LSFM,  we  observed 
that  many  axons  grew  in  tortuous  paths  in  the  optic  nerve,  making 
multiple  turns,  and  often  projecting  back  to  the  eye.  Thus,  our  data 
are  in  agreement  with  the  recent  study  from  Pernet  et  al.,  in  which 
extensive  axon  turning  was  evident  in  optic  nei'ves  of  animals  treated 
with  AAV-CNTF  (Pernet  et  al.,  2012).  Collectively,  these  studies  indi¬ 
cate  that  there  is  considerable  axon  misguidance  within  the  injured 


optic  nerve  during  regeneration,  which  may  limit  some  RGC  axons 
extending  into  the  brain  and  ultimately  to  their  targets. 

During  development,  de  novo  RGC  axons  enter  the  optic  nerve  and 
travel  in  a  fasciculated  manner  towards  the  brain.  This  process  is  tightly 
regulated  by  signaling  molecules  expressed  and  released  by  neuronal 
and  non-neuronal  cells  in  the  interstitial  spaces  and  the  extracellular 
matrix.  For  example,  SemaSA  which  is  found  on  neuroepithelial  cells 
surrounding  the  retinal  axons  along  the  optic  nerve,  was  shown  to  induce 
growth  cone  collapse,  and  antibodies  against  SemaAS  cause  retinal  axons 
to  escape  from  the  optic  nerve  bundle  (Oster  et  al.,  2003).  Other  axon 
repulsive  cues  such  as  myelin  associated  glycoproteins,  semaphorins. 
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ephrins,  chondroitin  sulfate  proteoglycans  (CSPGs)  and  their  respective 
receptors  have  also  been  shown  to  be  expressed  in  the  injured  retina 
and  optic  nerve  (Cai  et  al,  2012;  Du  et  al.,  2007;  Goldberg  et  al.,  2004; 
Hunt  et  al.,  2003;  Liu  et  al,  2006;  Park  et  al.,  2008;  Selles-Navarro  et  al., 
2001;  Shirvan  et  al.,  2002),  and  could,  in  principle,  contribute  to  the 
heterogeneous  axon  growth  patterns  seen  in  the  optic  nerves.  In 
ALDHILI-EGFP  tg  mice  in  which  astrocytes  are  labeled  with  EGFP,  strong 
astroglial  activation  is  seen  in  the  nerve  regions  close  to  the  lesion  site. 
Given  that  axon  turning  in  PTEN/SOCS3  KO  mice  was  especially  prevalent 
in  these  regions,  it  is  plausible  that  high  concentration  of  CSPGs  and  other 
repulsive  factors  (or  growth  factors)  released  by  reactive  astrocytes  may 
contribute  to  the  extensive  axon  turning.  It  is  currently  unclear  to  what 
extent  these  and  other  growth  inhibitory  (or  attractive)  cues  present  in 
the  injured  optic  nerve  contribute  to  the  aberrant  axon  trajectories 
observed  in  the  adult  optic  neive. 

One  major  decision  point  for  growing  RGC  axons  en  route  to  their 
central  targets  is  the  optic  chiasm  where  axons  must  decide  whether 
or  not  to  cross.  The  majority  of  animals  in  our  study  had  similar  or 
higher  numbers  of  axons  extending  to  the  ipsilateral  side  of  the 
brain  than  the  contralateral  side.  This  obseivation  is  consistent  with 
the  previous  report  demonstrating  large  ipsilateral  projections  of 
regenerating  RGC  axons  in  perinatal  Bcl-2  transgenic  mice  (Cho  et 
al.,  2005).  Potentially,  intact  RGC  axons  from  the  opposite  eye  could 
affect  the  course  of  growing  axons  at  the  optic  chiasm.  For  instance, 
previous  studies  in  frogs  have  demonstrated  that  the  number  of 
axons  that  regenerate  to  the  opposite  nerve  is  less  in  animals 
subjected  to  a  bilateral  optic  nerve  lesion  compared  to  unilaterally  le- 
sioned  animals  (Bohn  and  Stelzner,  1981).  On  the  other  hand,  studies 
using  a  prechiasmic  lesion  in  adult  rats  showed  no  obvious  difference 
in  the  divergence  patterns  of  regenerating  axons  at  the  optic  chiasm 
between  animals  subjected  to  bilateral  and  unilateral  crush  (Berry 
et  al.,  1999).  Consistent  with  this  latter  study,  the  overall  divergence 
pattern  at  the  optic  chiasm  was  similar  in  both  of  our  injury  models 
in  mice,  supporting  the  idea  that  interactions  between  regenerating 
axons  and  the  intact  axons  from  the  uninjured  eye  may  not  be 
responsible  for  establishing  the  aberrant  trajectories. 

Axonal  pathfinding  at  the  optic  chiasm  during  development  is  regu¬ 
lated  by  EphBl/ephrinB2  signaling;  the  Ephbl  receptor  is  expressed  in  a 
small  population  of  RGCs,  and  axons  extending  from  these  RGCs  are  re¬ 
pelled  by  ephrinB2  ligand  expressed  in  the  chiasm  midline,  thus  giving 
rise  to  the  ipsilateral  projection  (Williams  et  al.,  2003).  Other  guidance 
cues  and  receptors  involved  in  pathfinding  through  the  chiasm  during 
nervous  system  development  include  Zic2,  NrCAM,  lslet-1,  Plexin-Al 
and  semaphorinSD  (Herrera  et  al.,  2003;  Kuwajima  et  al.,  2012;  Pak  et 
al.,  2004;  Petros  et  al.,  2008;  Williams  et  al.,  2006).  The  expression  levels 
of  EphlB  and  ephrinB2  in  the  adult  mouse  retina  and  optic  chiasm,  and 
whether  the  higher  percentage  of  ipsilaterally  projecting  axons  seen  in 
these  studies  are  due  to  EphBl/ephrinB2  signaling  or  other  aforemen¬ 
tioned  guidance  factors  is  not  yet  known.  Nonetheless,  our  results  indi¬ 
cate  that  the  molecular  and  cellular  mechanisms  that  once  guided 
axons  through  the  optic  chiasm  during  development  are  not  preserved 
in  adult  mice. 

With  the  recent  progress  made  in  promoting  long  distance  regen¬ 
eration  in  the  optic  neive,  a  pressing  question  is  to  what  extent  do 
these  axons  navigate  correctly  to  re-inneivate  their  central  targets? 
In  both  PTEN/SOCS3  KO  and  PTEN  KO/ZYM/cAMP  mice.  RGC  axons 
projected  dorsally  into  the  hypothalamus  or  short  distances  laterally 
to  the  optic  tracts  or  projected  to  the  uninjured  contralateral  optic 
neive.  Centrally,  axonal  projections  were  limited  primarily  to  the  hy¬ 
pothalamus.  Thus,  our  findings  are  in  contrast  to  the  previous  study 
using  PTEN  KO/ZYM/cAMP  mice  in  which  many  regenerating  axons 
were  reported  to  elongate  long  distances  within  the  brain,  correctly 
navigating  and  re-innervating  all  the  major  visual  targets  including 
the  SCN,  OPT,  MTN,  LGN  and  SC  (de  Lima  et  al.,  2012).  The  reasons 
behind  these  differing  results  are  not  clear.  Of  note,  in  this  present 
study,  similar  number  of  axons  regenerated  long  distances  up  to  the 


optic  chiasm  in  the  PTEN  KO/ZYM/cAMP  treated  mice  as  reported 
previously  (de  Lima  et  al.,  2012),  confirming  the  effectiveness  of 
this  combinatorial  approach  in  promoting  RGC  axon  regeneration. 

In  nearly  all  animals,  regenerating  axons  were  found  in  the  SCN,  the 
master  pacemaker  of  circadian  rhythm.  In  normal  mammals,  the  SCN  re¬ 
ceives  axons  predominantly  from  melanopsin  expressing-intrinsically 
photosensitive  RGCs  ( ipRGCs).  These  RGCs  directly  send  photic  informa¬ 
tion  to  the  SCN  which  in  turn  regulates  daily  rhythmicity  such  as  sleep, 
body  temperature  and  food  intake  (Do  and  Yau,  2010;  Schmidt  et  al., 
2011).  This  raises  questions  as  to  whether  or  to  what  extent  the 
regenerated  RGC  axons  found  in  the  SCN  originate  from  the  ipRGCs, 
and  whether  they  form  functional  synaptic  connections  with  the  SCN 
neurons.  In  addition,  our  results  demonstrated  that  some  axons  generat¬ 
ed  branches,  raising  a  question  as  to  whether  axonal  branching  during 
regeneration  is  a  feature  unique  to  a  specific  RGC  subset,  or  occurs  at 
random  in  any  regenerating  RGC  axon.  The  combined  use  of  tissue 
clearance  and  3D  visualization  together  with  transgenic  mice  in 
which  axons  from  known  subtypes  of  RGCs  are  GFP-labeled  may  fa¬ 
cilitate  addressing  these  questions.  In  summary,  we  demonstrated, 
for  the  first  time,  integration  of  tissue  clearance  and  LSFM  for  com¬ 
prehensive  analysis  of  RGC  axon  regeneration  in  mouse  models. 
Our  study  shows  misdirected  growth  in  the  optic  nerve  and  brain,  in¬ 
dicating  that  the  adult  mammalian  CNS  lacks  the  signals  necessary 
for  proper  pathfinding  of  regenerating  RGC  axons. 

Supplementary  data  to  this  article  can  be  found  online  at  http;// 
dx.doi.org/1 0.1 01 6/J.expneuroL201 3.03.001 . 
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Abstract 

Our  understanding  of  how  axon  regeneration  is  controlled  in  both  the  peripheral  and 
central  nervous  systems  remains  fragmentary.  Research  into  the  regenerative  capacity 
of  adult  neurons  has  elucidated  PTEN  and  SOCS3  as  distinctive  but  complementary 
arms  of  the  regenerative  program.  These  molecules  act  as  negative  regulators  of  major 
signaling  pathways  and  impact  the  processes  occurring  in  the  cell  body,  such  as  protein 
translation  and  transcription,  and  in  the  axons,  such  as  cytoskeleton  assembly.  In  this 
review,  we  summarize  the  role  of  PTEN  and  SOCS3  in  limiting  axon  regeneration 
and  discuss  the  molecular  and  cellular  mechanisms  underlying  their  growth-inhibitory 
effects. 
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INTRODUCTION 

Neurons  of  the  mammalian  central  nervous  system  (CNS)  generally 
do  not  regenerate  axons  after  injury,  whereas  those  of  the  peripheral  nervous 
system  (PNS)  do.  What  accounts  for  such  a  disparity  in  the  regenerative  abil¬ 
ity  between  these  two  systems?  This  question  has  been  a  subject  of  intense 
investigation  in  neuroscientific  research.  The  past  decade  has  seen  much 
progress  toward  understanding  why  injured  CNS  axons  fail  to  regenerate. 
One  contributing  factor  is  the  growth-inhibitory  environment  of  the 
CNS,  with  several  constituents  of  the  CNS  myelin  and  ghal  scar  at  the  lesion 
site  identified  as  barriers  of  axon  regeneration  (Filbin,  2003;  Fitch  &  Silver, 
2008;  Yiu  &  He,  2006).  Accordingly,  pharmacological  and  genetic  strategies 
that  neutralize  these  extrinsic  inhibitors  yielded  some  degree  of  axon 
regeneration.  However,  while  some  injured  axons  are  able  to  regrow 
into  the  permissive  grafts,  the  majority  of  adult  neurons  fail  to  regenerate 
axons  even  when  provided  with  permissive  substrates  (Aguayo,  David,  & 
Bray,  1981;  Aguayo  et  ah,  1990;  Richardson,  McGuinness,  &  Aguayo, 
1980).  Thus,  the  prevailing  view  is  that,  in  addition  to  the  environmental 
impediments,  axon  regeneration  failure  is  due  also  to  a  limited  growth 
capacity  of  adult  CNS  neurons.  What  neuron-intrinsic  factors  could  hmit 
axon  regeneration  in  the  mammalian  CNS?  Advances  in  our  ability  to 
modulate  gene  expression  in  cell-specific  and  time-specific  manners  using 
genetically  modified  animals,  as  well  as  the  emergence  of  high- 
throughput  screening  techniques  have  transformed  our  ways  of 
investigating  this  question.  Researches  utilizing  these  and  other  analytical 
models  have  elucidated  several  genetic  and  molecular  signatures  within 
neurons  that  influence  intrinsic  regenerative  capacity.  They  indicate  that 
the  sequential  steps  of  axon  regeneration  from  growth  cone  generation 
and  axon  extension  require  modulation  of  gene  transcription  and  protein 
translation  at  the  cell  body  and  axonal  level.  Recently,  considerable 
attention  has  been  paid  to  two  intracellular  signaling  components  that 
mediate  these  processes  to  influence  intrinsic  axon  regrowth  capacity  in 
both  the  PNS  and  CNS:  PTEN  (phosphatase  and  tensin  homologue)  and 
SOCS3  (suppressor  of  cytokine  signahng  3).  In  this  review,  we  describe 
and  summarize  the  participation  of  the  PTEN  and  SOCS3  pathways  in 
the  regulation  of  the  process  of  axon  growth  and  regeneration.  We  also 
discuss  the  potential  molecular  and  cellular  mechanisms  by  which  these 
signaling  pathways  regulate  such  processes. 
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PTEN:  A  NEGATIVE  REGULATOR  OF  CELL  AND  AXON 
GROWTH 


Activation  ofphosphoinositide  3-kinase  (PI3K)  in  response  to  a  variety  of 
extracelluar  stimuli  including  growth  factors,  mitogens,  and  hormones  regu¬ 
lates  key  biological  processes  including  cell  growth,  prohferation,  survival, 
and  motihty.  This  lipid  kinase  phosphorylates  converts  the  lipid  second  messen¬ 
ger  phosphatidylinositol  (4,5)  bisphosphate  (PIP2)  into  phosphatidyhnositol 

(3.4.5)  trisphosphate  (PIP3),  which  in  turn  recruits  and  activates 
phosphatidyhnositol-dependent  kinase  1/2  (PDKl/2),  resulting  in  the  activa¬ 
tion  of  AKT  (Song,  Ouyang,  &Bao,  2005;  Vogt,  Gymnopoulos,  &  Hart,  2009) 
(Fig.  7.1).  On  the  other  side,  PTEN  functions  both  as  a  dual  specificity  protein 
phosphatase  and  lipid  phosphatase.  Although  it  can  dephosphorylate  protein 
substrates  such  as  FAK  (focal  adhesion  kinase),  PTEN’s  predonfinant 
enzymatic  activity  seems  to  be  the  dephosphorylation  of  the  3^  phosphate  of 
the  inositol  ring  in  PIP3,  resulting  in  the  biphosphate  product  PIP2  (Ptdins 

(4.5) P2)  (Di  Cristofano  &  Pandolfi,  2000;  Leshe  &  Downes,  2004; 
Tamguney  &  Stokoe,  2007)  (Fig.  7.1).  Thus,  inactivation  of  PTEN  results  in 
the  accumulation  of  PIP3  and  hyperactivation  of  AKT.  As  PI3K/AKT  signals 
control  the  cell  metabohsm,  growth,  prohferation,  and  survival,  deregulation 
PTEN  has  been  closely  associated  with  development  of  certain  tumor  cells 
(Carracedo,  Ahmonti,  &  Pandolfi,  2011;  Di  Cristofano  &  Pandolfi,  2000).  In 
the  nervous  system,  neuron-specific  loss  of  PTEN  during  mouse  development 
causes  high  levels  of  phosphorylated  AKT  and  a  gradual  increase  in  soma  size 
without  causing  abnormal  prohferation  (Kwon,  Zhu,  Zhang,  &  Baker,  2003; 
Kwon  et  ah,  2001).  In  the  mature  CNS,  PTEN  depletion  in  neurons  has 
been  shown  to  prevent  apoptotic  cell  death  in  acute  and  degenerative  injury 
models  (Kirby  et  al.,  2011;  Li  et  ah,  2009;  Park  et  al.,  2008;  Shi  et  al.,  2011). 
In  addition  to  its  role  in  cell  growth  and  survival,  recent  studies  point  to  the 
importance  of  PTEN  in  regulating  axon  growth/regeneration.  Because 
multiple  downstream  effectors  of  PTEN  operate  in  both  neuronal  soma  and 
axon  terminal,  PTEN  is  ideally  positioned  to  coordinate  different  steps  of 
axon  growth  during  development  and  injury-induced  axon  regeneration. 


2.1.  PTEN  is  an  intrinsic  blocker  of  axon  regrowth 

Several  studies  have  indicated  PTEN  as  a  factor  within  neurons  that  impede 
axon  regeneration.  These  studies  have  shown  that  pharmacological  or 
genetic  inactivation  of  PTEN  in  neurons  enhances  axon  regeneration  both 
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Figure  7.1  PTEN  pathway  and  axon  growth  inhibition.  Activated  Pi3K  catalyzes  conver¬ 
sion  of  membrane-bound  lipid  secondary  messenger  phosphatidylinositol  (4,5) 
bisphosphate  (PIP2)  into  phosphatidylinositol  (3,4,5)  trisphosphate  (PIP3).This  reaction 
is  antagonized  by  PTEN,  which  maintains  a  low  level  of  PIP3  in  the  membrane.  Upon 
activation  of  receptor  tyrosine  kinase  (i.e.,  by  growth  factors),  PI3K  is  activated  and 
PIP3  accumulates.  Cytoplasmic  PDK  is  subsequently  recruited  and  activated,  which  in  turn 
activates  AKT.  Activated  AKT  inhibits  the  TSC1/2  complex,  thereby  releases  Rheb  from  in¬ 
hibition  and  activates  mTOR.  Activated  mTOR  exists  in  two  forms.  The  rapamycin-sensitive 
mTOR/raptor  complex  regulates  global  translation  by  activation  of  S6K,  the  kinase  that 
phosphorylates  ribosomal  protein  S6  in  the  40S  subunit,  and  elF4E,  the  general  initiation 
factor  for  5'cap-dependent  translation.  Activated  mTOR/raptor  complex  is  also  implicated 
in  upregulation  of  STAT3  transcriptional  activity.  Activated  AKT  regulates  activation  and 
deactivation  of  many  downstream  targets  including  Forkhead,  p27  and  Bad  to  affect  cell 
cycle  and  apoptosis.  Also  regulated  by  PTEN/AKT  pathways  is  the  GSK3  which  regulates 
cytoskeletal  dynamic  and  microtubule  assembly,  and  transcription  factors  including  NFAT 
and  CREB  to  facilitate  axon  growth 


in  the  CNS  and  PNS.  One  of  the  early  evidence  supporting  the  inhibitory 
role  of  PTEN  involved  an  in  vivo  screen  to  identify  factors  that  block  axon 
regeneration  of  retinal  ganghon  cells  (RGCs;  whose  axons  form  the  optic 
nerve).  Cre  recombinase-mediated  PTEN  deletion  in  murine  RGCs  pro¬ 
moted  considerable  axon  regeneration  after  optic  nerve  injury  (Park 
et  ah,  2008).  Further  characterization  of  axon  growth  revealed  that  the  axons 
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of  PTEN-deleted  RGCs  overcome  the  growth-inhibitory  environment 
(i.e.,  chondroitin  sulfate  proteoglycan  (CSPG)-rich  region)  in  the  lesion  site, 
regenerating  over  long  distances  in  the  degenerated  optic  nerve  (Park  et  ah, 
2008).  The  corticospinal  tract  (CST)  that  controls  voluntary  movements  is 
particularly  important  for  functional  recovery  after  spinal  cord  injury. 
Injured  CST  axons  are  particularly  refractory  to  regeneration,  and  efforts  to 
promote  regenerative  growth  of  CST  axons  in  animal  injury  models  have 
yielded  only  limited  success  (Lee  et  ah,  2010;  Zheng  et  ah,  2005).  Liu  et  al. 
(2010)  demonstrated  using  adeno-associated  virus  (AAV)  expressing  Cre 
recombinase  that  deletion  of  PTLN  in  corticospinal  neurons  promotes 
substantial  axon  regrowth  following  spinal  cord  injury.  In  this  study,  several 
injury  models  including  pyramidotomy,  dorsal  hemisection,  and  complete 
crush  were  utihzed  to  demonstrate  that  PTLN  deletion  in  CST  neurons 
enhance  axon  sprouting/ plasticity  (axon  growth  from  uninjured,  spared 
neurons)  and  regeneration  (axon  growth  from  axotomized  neurons), 
further,  immunohistochemical  and  electron  microscopic  analysis  showed 
that  regenerated  axons  in  the  spinal  cord  of  PTLN-deleted  animals 
reformed  synapse-like  structures  distal  to  the  injury  site  (Liu  et  ah,  2010). 
The  inhibitory  role  of  PTEN  on  axon  growth  was  also  shown  in  cortical 
neurons  using  in  vitro  assays.  Cultured  cortical  neurons  exhibit  limited 
neurite  outgrowth  when  plated  on  myehn-associated  glycoprotein  (MAG)- 
expressing  substrate  cells  (Perdigoto,  Chaudhry,  Barnes,  Filbin,  &  Carter, 
2011).  Deletion  or  knockdown  of  PTEN  in  cortical  neurons  using 
knockout  nfrce  or  short  hairpin  RNAs  (shRNAs)  resulted  in  enhanced 
neurite  outgrowth  when  the  neurons  are  plated  on  MAG-substrate  cells. 
On  the  other  hand,  PTEN  inactivation  did  not  affect  neurite  outgrowth 
when  the  cortical  neurons  were  plated  on  non-MAG  expressing  control 
cells  (Perdigoto  et  ah,  2011),  suggesting  that  PTEN  contributes  to  the 
growth-inhibitory  signal  resulting  from  MAG. 

Outside  of  the  CNS,  PTEN  was  also  shown  to  affect  axon  regeneration 
in  the  PNS.  Dorsal  root  ganglia  (DRG)  neurons  are  able  to  regenerate  pe¬ 
ripheral,  but  not  central  branches  in  the  adult  spinal  cord.  However,  a 
preconditioning  lesion  to  the  peripheral  branches  allows  the  subsequently  in¬ 
jured  central  branches  to  grow  into  and  beyond  a  lesion  site  (Bisby  &  Pollock, 
1983;  Hoffman,  2010;  McQuarrie,  Grafstein,  &  Gershon,  1977;  Neumann  & 
Woolf  1999;  Bachardson  &  Issa,  1984).  This  preconditioning  model  has  been 
an  invaluable  tool  to  study  the  intrinsic  mechanisms  that  allow  enhanced 
regenerative  ability  in  neurons.  Inhibition  of  PTEN  activity  led  to 
significant  increase  in  neurite  outgrowth  for  both  un-preconditioned  and 


Author's  personal  copy 


146 


Xueting  Luo  and  Kevin  K.  Park 


preconditioned  neurons  (Christie,  Webber,  Martinez,  Singh,  &  Zochodne, 
2010).  Further,  in  vivo  regeneration  following  severe  sciatic  nerve  injuries 
was  accelerated  after  local  inhibition  of  PTEN  at  the  injury  site.  Thus,  while 
previous  studies  showed  enhanced  axon  regeneration  after  neuron-specific 
suppression  of  PTEN  (Liu  et  al.,  2010;  Park  et  al.,  2008;  Sun  et  al.,  2011), 
axon  regeneration  seen  after  local  inhibition  of  PTEN  at  the  lesion  site 
(Christie  et  al.,  2010)  raises  the  possibility  that  inactivation  of  PTEN  in 
neighboring  cells  (including  PTEN-expressing  Schwann  cells)  may  have 
contributed  to  the  enhanced  axon  regrowth  in  the  PNS.  Overall,  these 
findings  clearly  demonstrated  that  PTEN  has  a  role  in  limiting  axon 
regeneration,  and  refteving  its  actions  on  neurons  permit  enhanced  axon 
growth.  One  important  question  remains:  how  does  inactivation  of  PTEN 
increases  axon  growth  potential? 

2.2.  Downstream  effectors  of  PTEN 

2.2.7  PI3K/AKT 

There  has  been  a  surge  of  new  information  in  the  past  several  years  con¬ 
cerning  how  the  P13K/AKT  signal  might  be  conveyed  to  its  downstream 
targets  to  regulate  different  steps  of  axon  growth  from  initial  axon  formation 
to  axon  extension.  This  pathway  has  been  shown  to  influence  many  features 
of  axon  growth  including  axon  elongation,  branching,  caliber,  growth  cone 
assembly  and  polarity.  Such  different  functions  are  likely  to  be  mediated  by 
different  downstream  effectors  of  this  pathway.  Given  the  negative  role  of 
PTEN  on  activation  of  P13K/ AKT,  axon  regeneration  induced  after  PTEN 
inactivation  could  be  explained  partially  by  downstream  activation  of  P13K/ 
AKT  signaling.  In  support  of  this,  PTEN  inactivation  leading  to  increased 
AKT  activity  or  direct  overexpression  of  activated  AKT  is  sufficient  to 
increase  neurite  outgrowth  in  vitro  (Perdigoto  et  ah,  2011).  However, 
whether  or  not  overexpression  of  active  AKT  in  different  neuronal  cell 
types  could  enhance  in  vivo  axon  regeneration  is  less  clear.  Also,  direct  ev¬ 
idence  of  the  involvement  of  AKT  activation  on  axon  regeneration  in  the 
background  of  PTEN  deletion  is  lacking.  Recently,  AAV-expressing  con- 
stitutively  active  AKT  induced  robust  regrowth  of  axons  from  dopaminer¬ 
gic  neurons  after  axon  lesion  induced  by  a  neurotoxin.  Moreover,  this 
treatment  led  to  target  reinnervation  and  partial  behavioral  recovery 
(Kim,  Chen,  et  ah,  2011).  Of  note,  axon  damage  resulting  from  a  neuro¬ 
toxin  is  progressive  and  does  not  produce  disruption  of  brain  parenchyma 
(i.e.,  absence  of  glial  scar  and  myelin  disruption).  Nonetheless,  it  seems  that 
at  least  for  certain  CNS  neurons,  forced  AKT  activation  is  sufficient  to 
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enhance  an  axon  regeneration  response.  Activation  of  AKT  influences 
activation  of  numerous  downstream  molecules  including  niTOR, 
FAK,  GSK-3P  (glucose  synthase  kinase-3P),  GS  (glucose  synthase), 
PRAS40,  Bad,  FoxOl,  and  Mytl  to  control  key  biological  functions  such 
as  metabolism,  growth,  cell  cycle,  and  survival  (Cardone  et  ah,  1998; 
Diehl,  Cheng,  Roussel,  &  Sherr,  1998;  Hers,  Vincent,  &  Tavare,  2011; 
Okumura  et  ah,  2002;  Sarbassov,  Guertin,  Ali,  &  Sabatini,  2005;  Wang 
et  ah,  2012).  Among  these  downstream  targets,  mTOR  and  GSKP  have 
attracted  considerable  attention  recently  for  their  abilities  to  regulate 
axon  growth. 

2.2.2  mTOR  and  axon  regeneration 

mTOR,  also  known  as  FK506  binding  protein  12-rapamycin-associated 
protein  1  (FRAPl),  is  an  intracellular  sensor  that  integrates  signals  regarding 
cellular  nutrient/energy/redox  states  to  control  protein  synthesis  and  cell 
growth.  At  the  molecular  level,  activated  mTOR  exists  in  two  structurally 
and  functionally  distinct  complexes  in  the  cytoplasm.  One  such  complex 
contains  raptor  (regulatory-associated  protein  of  TOR),  a  protein  partner 
for  mTOR.  This  complex,  known  as  mTORCl,  is  rapamycin-sensitive 
and  able  to  phosphorylate  S6  kinase  and  4EBP1  (Fig.  7.1).  The  other  type 
contains  rictor  (rapamycin-insensitive  companion  of  TOR)  and  is  associated 
with  cytoskeleton  regulation  (mTORC2)  (Oh  &  Jacinto,  2011).  Because  of 
its  relevance  to  axon  regeneration,  only  mTORCl  will  be  discussed  in  this 
review  (hereafter  referred  to  simply  as  mTOR) .  The  activity  of  this  complex 
is  stimulated  by  insulin,  mitogens,  growth  factors,  and  serum,  and  inhibited 
by  low  nutrient  levels,  growth  factor  deprivation,  and  reductive  stress  (Hay 
&  Sonenberg,  2004;  Kim  &  Sabatini,  2004;  Kim  et  ah,  2002;  Laplante  & 
Sabatini,  2012).  The  regulation  of  mTOR  activity  in  response  to  growth 
factors  is  mediated  mainly  by  the  PI3K/AKT  signaling  pathway.  AKT 
activation  leads  to  phosphorylation  and  inhibition  of  tuberous  sclerosis 
protein  complex  (TSC)  which  in  turn  results  in  subsequent  engagement 
of  Ras  homolog  enriched  in  brain  (Rheb)  to  activate  mTOR  (Fig.  7.1). 
mTOR  regulates  global  protein  translation  and  ribosome  biogenesis 
through  phosphorylation  of  different  substrates,  which  are  involved  in 
the  initiation  of  cap-dependent  protein  translation,  a  rate-limiting  step 
of  protein  synthesis  (Ma  &  Blenis,  2009).  Deletion  or  functional 
mutation  of  PTEN  results  in  hyperactivation  of  AKT/niTOR,  and 
subsequently  leads  to  an  increase  in  cell  growth  capacity  (Kwon  et  ah, 
2003;  Liu,  Zhou,  Reske,  &  Shen,  2008).  In  mouse  retinae,  mTOR 
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activity  in  RGCs  declines  progressively  during  development  (Park  et  al., 
2008);  however,  by  adulthood,  only  a  small  population  of  total  RGCs 
(5—10%)  retains  mTOR  activity  (Leibinger,  Andreadaki,  &  Fischer, 
2012;  Park  et  ah,  2008),  which  correlates  with  the  loss  of  regenerative 
capacity  of  mature  RGCs.  Axon  injury  to  adult  RGCs,  however, 
triggers  further  decline  of  mTOR  activity  (Leibinger  et  ah,  2012;  Park 
et  ah,  2008),  whereas  PTEN  deletion  in  RGCs  prevents  this  axotomy- 
induced  mTOR  suppression  (Park  et  ah,  2008).  It  is  unclear  why  and 
how  the  mTOR  activity  is  retained  in  only  a  small  subset  of  adult 
RGCs,  and  what  signal  causes  its  suppression  in  the  injured  neurons. 
Systemic  application  of  rapamycin,  a  potent  mTOR  inhibitor  in 
PTEN-deleted  animals  resulted  in  significant  reduction  in  optic  axon 
regeneration  (Park  et  al.,  2008),  pointing  to  a  pivotal  role  for  mTOR 
activation  on  axon  regeneration  in  the  background  PTEN  deletion. 
Similarly,  PTEN  depletion  in  purified  motor  neurons  using  siRNAs 
promoted  significant  axon  growth,  an  effect  that  was  inhibited  by 
rapamycin  treatment  (Ning  et  al.,  2010).  On  the  contrary,  in  the  PNS, 
increased  neurite  outgrowth  from  DRG  neurons  after  PTEN 
inactivation  was  not  affected  by  pharmacological  inhibition  of  mTOR. 
More  direct  approaches  to  activate  mTOR  were  also  shown  to  promote 
axon  regeneration:  RGC-specific  deletion  of  TSCl,  a  direct  negative 
regulator  of  mTOR  (Fig.  7.1)  also  prevented  axotomy-induced 
suppression  of  mTOR  activity  and  promoted  regeneration  of  injured 
RGC  axons  (Park  et  al.,  2008).  Similarly,  viral-mediated  overexpression 
of  Rheb,  a  direct  activator  of  mTOR  (Fig.  7.1),  promoted  extensive 
axon  regeneration  of  dopaminergic  neurons  (Kim,  Chen,  et  al.,  2011). 
In  the  PNS,  forced  mTOR  activation  in  DRG  neurons  by  Advilin-Cre 
mediated  deletion  of  TSC2  was  sufficient  to  enhance  axon/neurite 
growth  both  in  vivo  and  in  vitro  in  the  absence  of  preconditioning 
injury.  Collectively,  these  studies  indicate  that  forcing  mTOR 
activation  facilitates  the  regenerative  response  in  several  types  of  CNS 
and  PNS  neurons.  Others  have  suggested  the  potential  role  of  mTOR 
in  facilitating  different  features  of  axon  growth:  axon  initiation  and 
axon  elongation. 

In  the  visual  system,  inflammatory  stimulation  (i.e.,  penetrating  lens 
injury)  in  the  eye  stimulates  axon  regeneration  in  the  injured  optic  nerve. 
Inactivation  of  mTOR  decreased  the  number  of  axons  regenerating  over 
long  distances,  without  inhibiting  the  initial  switch  of  RGCs  into  the  regen¬ 
erative  state  (i.e.,  did  not  decrease  the  number  of  axons  regenerating  short 
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distances)  (Leibinger  et  al.,  2012),  suggesting  that  activation  of  niTOR  has  a 
more  prominent  role  in  supporting  the  elongation  of  regenerating  axons 
than  triggering  the  initial  growth. 

How  could  niTOR  facilitate  axon  regeneration?  The  two  best  character¬ 
ized  downstream  targets  ofmTOR  are  S6K1  (p70-S6  Kinase  1)  and  4E-BP1 
(the  eukaryotic  initiation  factor  4E  (eIF4E)  binding  protein  1).  Phosphoryla¬ 
tion  of  S6K1  by  mTOR  leads  to  activation  and  consequent  phosphorylation 
ofrS6  (ribosomal  S6).  This  causes  increased  translation  ofmRNAs  containing 
a  5^  tract  of  ohgopyrimidine  that  encode  components  of  the  translation  appa¬ 
ratus  including  rihosomal  proteins  and  elongation  factors  (Dobashi, 
Watanabe,  Miwa,  Suzuki,  &  Koyama,  2011;  Huang  &  Manning,  2009; 
Proud,  2007,  2009).  Nonphosphorylated  4E-BP1  binds  to  the  translation 
initiation  factor  eIF4E,  preventing  it  from  binding  to  5^-capped  niRNAs 
and  recruiting  them  to  the  rihosomal  initiation  complex  (Fig.  7.1).  mTOR 
phosphorylation  of  4E-BP1  releases  eIF4E,  allowing  it  to  initiate  cap- 
dependent  translation  (Proud,  2007,  2009).  Overall,  activation  of  mTOR 
by  various  external  stimuli  (i.e.,  growth  factors,  nutrients,  and  hormones) 
positively  controls  protein  synthesis  and  cell  growth  by  enhancing  the 
cellular  capacity  for  ribosome  biogenesis,  translation  initiation,  and 
elongation.  Injury  to  the  axons  of  central  neurons  (e.g.,  RGCs  and  CST 
neurons)  was  shown  to  suppress  protein  synthesis  and  mTOR  activity  at 
the  cell  body  level  (Leibinger  et  al.,  2012;  Liu  et  al.,  2010;  Park  et  al., 
2008).  In  contrast,  axon  injury  to  the  peripheral  neurons  (e.g.,  DRG 
neurons)  triggers  increase  in  the  level  of  neuronal  mTOR  activation  (Abe, 
Borson,  GambeUo,  Wang,  &  CavaUi,  2010).  What  accounts  for  this 
profound  disparity  in  injury  response  between  these  neurons  is  unknown, 
but  it  may  reflect  differential  regulation  of  cytokine,  hormone,  and  growth 
factor  receptor  expression  in  these  neurons  after  injury.  Enhanced  axon 
regeneration  seen  after  mTOR  activation  in  injured  neurons  could  be 
ascribed  partially  to  increased  capacity  of  neurons  to  synthesize  de  novo 
proteins  required  for  the  building  blocks  of  newly  extending  axons.  Several 
studies  have  indicated  that  local  protein  synthesis  at  the  axon  level  is  critical 
for  the  formation  of  growth  cones  in  response  to  axotomy.  Using  in  vitro 
outgrowth  assays,  Verma  et  al.  (2005)  demonstrated  that  protein  synthesis 
inhibitors  (e.g.,  cyclohexamide)  or  rapamycin  impairs  formation  of  the 
growth  cone  in  embryonic  sensory  axons.  As  formation  of  a  growth  cone 
is  a  prerequisite  for  axon  regeneration  (Bradke,  Fawcett,  &  Spira,  2012), 
protein  synthesis  in  a  cut  axon  that  facilitates  growth  cone  fomiation  is 
likely  an  integral  component  of  axon  regeneration  for  sensory  axons. 
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To  what  extent  this  applies  to  CNS  axons  is  less  clear.  In  the  ceU  soma, 
sustained  synthesis  of  cellular  building  blocks  (e.g.,  microtubules  and 
integrated  proteins)  is  also  indispensable  for  sustained  growth  of  injured 
axons.  Therefore,  maintenance  of  mTOR  and  the  protein  translation 
activity  in  the  soma  and  axon,  to  a  large  extent,  retains  the  normal  cellular 
activity  that  could  support  axon  regrowth.  mTOR  may  also  influence  axon 
regeneration  by  mechanisms  other  than  translational  control.  The  activity 
of  several  transcription  factors,  particularly  those  involved  in  growth, 
metabohc,  and  biosynthetic  pathways,  including  STATl  and  STAT3 
(Kristof,  Marks-Konczalik,  Billings,  &  Moss,  2003),  and  the  nuclear 
receptor  peroxisome  proliferator-activated  receptor-y  (Kim  &  Chen,  2004) 
are  regulated  by  mTOR  in  a  rapamycin-sensitive  manner.  mTOR  has  also 
been  shown  to  be  critical  for  the  optimal  activation  of  STAT3  by  CNTF 
(ciliary  neurotrophic  factor;  Yokogami,  Wakisaka,  Avruch,  &  Reeves, 
2000),  all  of  which  suggest  that  the  function  of  mTOR  is  not  limited  to 
translational  control,  but  may  extend  to  include  transcriptional  regulation. 

2.2.3  Local  PTEN/GSK3  signaling 

In  addition  to  mTOR,  other  downstream  targets  of  the  PTEN  pathway  may 
well  be  involved  in  promoting  axon  regrowth.  This  is  evident  by  the  lesser 
extent  of  axon  regeneration  in  the  optic  nerve  after  TSCl  deletion  compared 
to  PTEN  deletion  (Park  et  al.,  2008).  While  PTEN  deletion  induces  AKT 
activation  and  many  downstream  targets  associated  with  it,  TSCl  lies  down¬ 
stream  of  PTEN,  and  deletion  of  TSCl  leads  predominantly  to  mTOR 
activation  (Fig.  7.1).  GSK3,  a  major  substrate  of  AKT  has  been  implicated 
in  regulation  of  neurogenesis,  polarization,  and  axon  growth  (Kim,  Hur, 
Snider,  &  Zhou,  2011;  Liu,  Hur,  &  Zhou,  2012).  GSK3  is  constitutively 
active  in  resting  cells,  which  acts  to  inhibit  cell  signaling.  Activation  of 
AKT  in  response  to  extracellular  stimuli  leads  to  GSK3  phosphorylation 
and  subsequent  inactivation,  thereby  allowing  the  propagation  of  GSK3 
signaling  cascades  (Kim,  Hur,  et  al.,  2011;  Liu  et  ah,  2012).  To  date,  there 
is  no  evidence  of  GSK3  playing  a  direct  role  in  PTEN  deletion-mediated 
axon  regeneration;  however,  the  existence  of  multiple  downstream  targets 
of  GSK3,  each  with  potent  roles  in  axon  growth/plasticity,  makes  it  a 
strong  candidate  to  mediate  PTEN’s  effects  on  axon  growth.  Studies  have 
indicated  that  PTEN  expressed  at  the  axon  tip  has  a  potent  role  in 
regulating  the  PI3K/AKT/GSK3  signaling  pathway  as  well  as  growth  cone 
collapse.  Growth  cones  in  vitro  collapse  in  the  presence  of  semaphorin  3A 
(Sema3A)  (Fan  &  Raper,  1995;  Jackson  &  Eickholt,  2009).  Chadborn  et  al. 
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reported  the  presence  of  PTEN  in  the  axon  compartment  of  DRG  growth 
cones  during  axon  growth,  and  following  exposure  to  Sema3A,  PTEN 
accumulates  rapidly  at  the  growth  cone  membrane.  Further,  Sema3A 
suppresses  PI3K  signahng  and  leads  to  activation  of  GSK3,  a  sequence  of 
event  dependent  on  the  phosphatase  activity  of  PTEN.  These  findings 
demonstrate  the  role  of  axonal  PTEN  in  regulating  GSK3  signaling  in 
response  to  growth-inhibitory  cues  and  highhghted  the  importance  of 
subceUular  localization  of  PTEN  to  regulate  growth  cone  dynamic 
(Chadborn  et  al.,  2006).  Continuous  addition  of  microtubules  at  the 
growth  cone  is  a  key  for  successful  axon  regeneration,  a  process  that  is 
tightly  controlled  by  coordinated  regulation  of  microtubule  dynamics  and 
actin  rearrangement  in  the  growth  cone.  Many  microtubule  binding 
proteins  (MBPs)  including  collapsin  response  mediator  protein  2 
(CPJV1P2),  adenomatous  polyposis  coli  (APC),  Tau,  and  MAP  lb  are 
known  to  regulate  this  process  in  response  to  various  extracellular  stimuli. 
GSK3  is  regarded  as  a  key  mediator  that  integrates  extracellular  signals  and 
MBP  to  control  axon  growth  by  modulating  microtubule  dynamics  and 
stability  (ITur  &  Zhou,  2010).  Phosphorylation  of  these  MBPs  by  GSK3 
ehminates  their  ability  to  associate  with  microtubules.  Conversely, 
inhibition  of  GSK3  facilitates  the  binding  of  CRMP2  to  tubulin  dimers  and 
promotes  axon  growth  by  enhancing  microtubule  assembly  in  the  growth 
cone  (Fukata  et  al.,  2002;  Yoshimura  et  al.,  2005).  Several  studies  have 
reported  that  inactivation  of  GSK3  promotes  axon  growth,  suggesting  that 
the  level  of  GSK3  activity  and  subceUular  localization  of  inactivated  GSK3 
may  influence  the  overaU  growth  cone  behavior.  Hur  et  al.  (2011)  recently 
reported  the  role  of  cytoplasmic  Unker-associated  protein  (CLASP,  a 
microtubule  stabUizing  protein)  in  transducing  GSK3  activity  levels  to 
differentially  regulate  axon  growth  (i.e.,  either  inhibit  or  promote  growth) 
by  coordinating  the  stability  and  arrangement  of  growth  cone  microtubules. 
In  addition  to  its  action  on  microtubule  polymerization  and  assembly, 
GSK3  is  known  to  regulate  the  activity  (or  degradation)  of  several 
transcription  factors  known  to  affect  axon  regeneration.  These  include 
API,  p53,  SMAD,  NFAT  (nuclear  factor  activated  T-ceUs),  and  NFkB. 
Several  reviews  have  recently  described  in  greater  detail  the  potential 
mechanisms  and  downstream  targets  of  GSK3  in  regulating  the  process  of 
growth  cone  formation  and  axon  growth  (Kim,  Hur,  et  al.,  2011;  Liu  et  al., 
2012).  OveraU,  considering  its  potent  roles  in  growth  cone  fomiation  and 
axon  extension,  GSK3  may  contribute  to  downstream  PTEN  effects  on 
axon  regeneration. 
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2.2.4  Modulation  of  PTEN/mTOR  and  desensitization  to  MAG/CSPGs 

Axon  regeneration  failure  in  the  CNS  can  be  partly  explained  by  numerous 
inhibitory  envu-onmental  cues  present  at  the  lesion  site  that  chemically  impede 
axon  growth.  Of  these,  the  myehn-associated  inhibitors  (MAI;  e.g.,  nogo, 
MAG  and  OMgp)  and  CSPGs  have  been  studied  most  extensively.  It  is 
known  that  CNS  neurons  express  various  MAG  receptors  including  the  Nogo 
receptors  (NgRl  and  NgR2)  (Domeniconi  et  ah,  2002;  Liu,  Fournier, 
GrandPre,  &  Stiittmatter,  2002;  Venkatesh  et  ah,  2005),  ganghosides 
GDla,  GTlb  (Yang  et  ah,  1996)  (Vinson  et  al.,  2001;  Vyas  et  al.,  2002), 
and  paired  immunoglobuHn-hke  receptor  B  (PirB)  (Atwal  et  al.,  2008). 
CSPG  receptors  expressed  by  CNS  neurons  identified  so  far  are  protein 
tyrosine  phosphatase  a,  NgRl  and  NgR3  (Dickendesher  et  al.,  2012;  Shen 
et  al.,  2009).  Binding  of  these  receptors  to  MAIs  or  CSPGs  triggers 
intracellular  signahng  leading  to  RhoA/ROCK  activation  and  growth  cone 
collapse  (HaU  &  LaUi,  2010;  Monnier,  Sierra,  Schwab,  Henke-Fahle,  & 
Mueller,  2003;  Niederost,  Oeitle,  Fritsche,  McKinney,  &  Bandtlow,  2002). 
Studies  have  demonstrated  that  depletion  of  PTEN  in  neurons  confers 
axons  with  the  abdity  to  overcome  these  growth-inhibitory  factors.  In  the 
optic  nerve,  CSPGs  accumulate  at  the  lesion  site  within  1  day  after  crush 
injury,  and  persist  for  several  days  (Park  et  al.,  2008;  SeUes-Navarro, 
EUezam,  Fajardo,  Latour,  &  McKerracher,  2001).  While  RGC  axons  in 
wild-type  animals  are  mostly  unable  to  grow  into  the  lesion  site  in  the 
optic  nerve,  axons  of  PTEN-deleted  RGCs  show  enhanced  growth  into 
the  CSPG-rich  lesion  site  shortly  after  injury.  In  vitro  inactivation  of  PTEN 
in  dissociated  cortical  neurons  increased  neurite  outgrowth  over  MAG 
(Perdigoto  et  al.,  2011)  whereas  inhibition  of  mTOR  activity  reduced 
neurite  outgrowth  of  cultured  RGCs  on  myehn  or  CSPGs  (Leibinger 
et  al.,  2012).  Thus,  these  studies  indicate  that  PTEN  has  a  role  in  the 
growth  cone  collapse  in  response  to  MAG,  whereas  mTOR  activity  is 
important  to  overcome  the  inhibitory  effects  of  myehn  and  CSPGs.  What 
are  the  intracellular  mechanisms  by  which  inactivation  of  PTEN 
desensitizes  axons  to  these  inhibitory  substrate  components?  Similar  to  the 
effects  seen  after  PTEN  inactivation,  expression  of  constitutively  active 
AKT  in  cortical  neurons  is  sufficient  to  reverse  the  inhibition  of  neurite 
outgrowth  by  MAG,  suggesting  that  AKT  may  act  downstream  to  PTEN 
in  overcoming  MAG  inhibition.  Further,  it  was  shown  that  MAG  reduces 
AKT  phosphorylation  in  cortical  neurons  in  vitro  (Perdigoto  et  al.,  2011). 
Suppression  of  AKT  activity  would  increase  the  activation  of  GSK3  and 
impair  growth  cone  formation  (as  described  in  Section  2.2.3).  PTEN  has 
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been  shown  to  be  a  target  of  Sema3A  in  triggering  growth  cone  collapse  of 
sensory  neurons  (Chadborn  et  al.,  2006).  Sema3A  induces  a  rapid  local 
accumulation  of  PTEN  at  the  growth  cone,  possibly  leading  to  a  depletion 
of  P1P3  and  AKT  (Chadborn  et  al.,  2006).  Thus,  in  addition  to  the  Rho/ 
ROCK  cascade,  PTEN  seems  to  be  another  signal  transduction  pathway 
that  is  activated  by  inhibitors  of  axon  growth. 


SOCS3:  AN  INHIBITOR  OF  CYTOKINE-INDUCED  AXON 
REGENERATION 


Several  recent  studies  have  indicated  that  SOCS3  is  another  neuron- 
intrinsic  blocker  of  axon  regeneration.  It  is  one  of  the  most  highly 
upregulated  genes  in  neurons  following  axonal  injury  (Fischer,  Petkova, 
Thanos,  &  Benowitz,  2004;  Veldman,  Bemben,  Thompson,  &  Goldman, 
2007).  Over  30  cytokines,  including  CNTF,  leukemia  inhibitory  factor 
(LIE),  interleukin-6  (1L6),  ILIO,  and  interferon  (IFN)-gamma  are  known 
inducers  of  SOCS  expression  (Croker,  Kiu,  &  Nicholson,  2008; 
Lehmann  et  al.,  2003;  Park  et  al.,  2009;  Strebovsky,  Walker,  &  Dalpke, 
2012).  Cytokine  binding  to  a  cognate  receptor  leads  to  activation  of  the 
JAK  (Janus  kinase)/STAT  pathway  and  induction  of  Socs  gene 
transcription  in  a  STAT-dependent  manner  (Cooney,  2002;  Croker 
et  al.,  2008).  The  SOCS  proteins  then  inhibit  cytokine  signaling  either 
by  direct  binding  to  JAKs  and  inhibiting  their  catalytic  activity  or  by 
binding  to  the  receptor  site  and  preventing  recruitment  of  STAT. 
Alternatively,  SOCS  proteins  interact  with  the  cellular  ubiquitination 
machinery  and  direct  JAKs  or  receptors  for  ubiquitin-mediated 
proteasomal  degradation  (Fig.  7.2)  (Alexander  &  Hilton,  2004;  Cooney, 
2002).  Through  this  negative  feedback  system,  the  SOCS  family  is  able 
to  tightly  regulate  the  intensity  and  duration  of  cytokine  signaling,  which 
is  critical  to  prevent  aberrant  cellular  responses  in  the  event  of  sudden 
increases  in  cytokine  concentration.  Of  the  different  SOCS  members, 
SOCS3,  which  has  been  shown  to  be  expressed  in  immune  cells  and  play 
prominent  roles  in  modulating  immune  reactions  (Baker,  Akhtar,  & 
Benveniste,  2009;  Li,  de  Haar,  Peppelenbosch,  &  van  der  Woude,  2012; 
Tamiya,  Kashiwagi,  Takahashi,  Yasukawa,  &  Yoshimura,  2011)  has 
attracted  considerable  attention  recently  for  its  prominent  role  in  limiting 
cytokine-mediated  axon  regeneration.  One  of  the  early  evidence 
indicating  a  direct  role  for  SOCS3  in  limiting  axon  regeneration  showed 
that  overexpression  of  SOCS3  blocks  nuclear  translocation  of  STAT3 


Author's  personal  copy 


154 


Xueting  Luo  and  Kevin  K.  Park 


Elevation  in 
ROS  level 

Alteration  in 

metabolic 

function 


Axonal  TFs 
transported 
retrogradely 
as  injury 
signals 


Transcriptional 
regulation  of 
RAGs 

L 

Facilitation  of 
axon  growth 


Figure  7.2  SOCS3  pathway  and  axon  growth  inhibition.  Cytokines  of  gp130  family, 
including  IL6,  LIF,  and  CNTF,  are  upregulated  after  injury.  Cytokine  binding  leading 
to  activation  of  gpl30  and  coreceptors  results  in  transphosphorylation  at  receptor  in¬ 
tracellular  domains,  which  leads  to  JAK  recruitment  and  JAK  phosphorylation.  STAT3  is 
subsequently  recruited  to  the  activated  peripheral  complexes  by  phosphorylated-JAK. 
Upon  JAK  phosphorylation,  STAT3  is  phophorylated  (activated),  dimmerizes,  translo¬ 
cates  into  the  nuclei,  and  recruited  to  DNA  binding  sites  of  many  genes  including 
regeneration-associated  genes  (RAG)  including  the  cell  cycle  inhibitor  P21/Cip1/Wafl, 
the  small  proline  rich  protein  la  (SPRRIA),  and  the  IFN  regulatory  factor  1  (IRFl).  SOCS3 
is  a  direct  target  of  STAT3,  acts  as  a  feedback  mechanism,  and  inhibits  JAK- ST AT  signal¬ 
ing  in  the  cytoplasm.  Activated  STAT3  is  also  found  in  mitochondria,  which  were  shown 
to  contribute  to  neurite  outgrowth  in  response  to  nerve  growth  factor.  STAT3  is  also 
retrogradely  transported  from  the  lesioned  axon  to  the  cell  body,  possibly  acting  as 
a  signal  to  initiate  neuronal  injury  responses. 


and  neurite  outgrowth  ofDRG  neurons.  Further,  inhibition  of  endogenous 
SOCS3  through  overexpression  of  a  dominant  negative  (DN)  mutant 
SOCS3  stimulates  neurite  outgrowth  (Miao  et  ah,  2006). 

3.1.  Glycoprotein  130  family  of  cytokines  triggers  axon 
regeneration 

Axon  injury  in  the  PNS  and  CNS  is  followed  by  upregulation  of  cytokines  at 
the  lesion  site  and  around  the  cell  body.  Both  neurons  and  glial  cells  are 
responsible  for  increasing  the  production  and  release  of  cytokines,  thereby 
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affecting  neuronal  responses  to  injury  in  autocrine  and  paracrine  manners 
(Hans  et  al.,  1999;  Kirsch,  Schneider,  Lee,  &  Hofmann,  1998;  Leibinger 
et  al.,  2009;  Schwartz  et  al,  1994;  Subang  &  Richardson,  2001). 
Cytokines  are  also  retrogradely  transported  by  axons  to  their  cell  bodies 
after  injury  (Abe  &  CavaUi,  2008;  Curtis  et  al.,  1994;  Kirsch,  Terheggen, 
&  Hofmann,  2003;  Thompson,  VernaUis,  Heath,  &  Priestley,  1997; 
Zigmond  &  Sun,  1997).  In  the  PNS,  such  injury  responses  seem  to  alter 
neuronal  gene  expression  and  facilitate  initiation  of  axon  regrowth 
following  axotomy.  The  most  extensively  studied  cytokines  in  the  context 
of  axon  regeneration  are  those  that  belong  to  the  1L6  family  or  the 
glycoprotein  130  (gpl30)  family.  This  family  includes,  among  other 
cytokines,  lL-6,  lL-11,  oncostatin  M,  and  cardiotrophin-1  along  with  LIF 
and  CNTF  (Taga  &  Kishimoto,  1997).  Cytokine  binding  leads  to 
dimerization  of  gpl30  (Taga  et  al.,  1989)  and  phosphorylation  of  receptor- 
associated  JAK.  This,  in  turn,  phosphorylates  causes  the  dimerization  of 
STAT3,  allowing  nuclear  translocation  and  the  transcription  of  target  genes 
(Fig.  7.2).  STAT3  is  the  major  signahng  pathway  in  this  context,  but 
gpl30  also  activates  other  signaling  pathways  including  extracellular- 
regulated  kinase  (ERK)  and  P13K  (Heinrich  et  al.,  2003).  Several  studies 
have  demonstrated  that  neuropoietic  cytokine  activation  of  gpl30 
facilitates  axon  regeneration  in  the  PNS  neurons.  This  effect  seems  to  be 
mediated  primarily  via  downstream  activation  of  the  JAK/STAT  signaling 
pathway  (discussed  further  in  Section  3.3).  1L6  levels  increase  in  DRGs 
after  nerve  injury  (Murphy,  Grondin,  Altares,  &  Richardson,  1995),  and 
regeneration  is  impaired  in  knockout  mice  with  deletion  of  LIF  (Cafferty 
et  al.,  2001)  or  IL6  (Cafferty  et  al.,  2004;  Galiano  et  al.,  2001).  Genetic 
deletion  of  gpl30  in  sympathetic  neurons  inhibits  the  enhancement  of 
axon  growth  occurring  after  conditioning  lesion  (Hyatt  Sachs,  Rohrer,  & 
Zigmond,  2010).  Overall,  these  studies  indicate  that  injury-induced 
upregulation  of  cytokines  may  act  as  an  injury  signal  in  the  activation  of 
the  regenerative  program  in  peripheral  neurons. 


3.2.  SOCS3  inhibits  CNTF  effects 

One  of  the  gpl30  family  of  cytokines  most  extensively  studied  for  axon 
regeneration  is  CNTF,  a  polypeptide  hormone  originally  characterized  as  a 
potent  survival  factor  for  chick  ciliary  neurons  (Adler,  Landa,  Manthorpe, 
&  Varon,  1979;  Barbin,  Manthorpe,  &  Varon,  1984;  Lin  et  al.,  1989). 
CNTF  uses  a  multimeric  receptor  composed  of  the  gpl30  signal- 
transducing  protein  associated  with  LIF  receptor  and  the  CNTF  binding 
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receptor  a  component  (Davis  et  al.,  1993;  Stahl  &  Yancopoulos,  1994). 
Besides,  its  neuroprotective  role,  several  studies  have  reported  the  axon 
regenerative  effects  of  CNTF.  Early  evidence  supporting  a  positive  role 
demonstrated  that  administering  recombinant  CNTF  enhances  the  number 
of  regenerating  axons  after  sciatic  nerve  transection  (Sahenk,  Seharaseyon, 
&  MendeU,  1994).  CNTF  at  a  high  concentration  was  shown  to  enhance 
neurite  outgrowth  from  purified  RGCs  in  vitro,  and  repeated  intravitreous 
dehvery  of  recombinant  CNTF  enhances  axon  regeneration  after  optic 
nerve  injury  (Lingor  et  ah,  2008;  MuUer,  Hauk,  Leibinger,  Maiienfeld,  & 
Fischer,  2009;  Smith  et  al.,  2009).  Further,  recombinant  CNTF  protects 
RGCs  from  death  after  axotomy  and  promotes  axon  regeneration  into  a 
transplanted  peripheral  nerve  graft  (Cui  &  Harvey,  2000;  Mey  &  Thanos, 
1993;  Park,  Luo,  Hisheh,  Harvey,  &  Cui,  2004).  However,  the  extent  of 
axon  growth  in  RGCs  induced  after  bolus  injection  of  CNTF  has  been 
quite  modest  (i.e.,  only  small  numbers  of  neurons  extending  lengthy 
axons).  The  low  efEcacy  could  result  from  the  relatively  short  half-hfe  of 
CNTF  or  from  the  inner  retinal  membrane  acting  as  a  physical  barrier  (van 
Adel,  Arnold,  Phipps,  Doering,  &  Ball,  2005).  In  support  of  this  idea,  viral 
dehvery  of  CNTF  into  the  vitreous  body,  which  allows  integrated 
expression  and  sustained  supply  of  CNTF  from  the  inner  retinal  cells, 
promotes  considerable  axon  regrowth  (Leaver  et  ah,  2006).  In  contrast, 
other  studies,  in  fact,  have  reported  a  minimum  role  of  CNTF  in 
promoting  axon  regeneration.  CNTF  elevation  failed  to  stimulate  optic 
nerve  regeneration  in  vivo,  and  it  failed  to  enhance  neurite  outgrowth  in 
retinal  explants  ex  vivo  (Cen  et  al.,  2007;  Jo,  Wang,  &  Benowitz,  1999; 
Yin  et  al,  2003,  2006,  2009).  These  data  challenged  the  role  of  CNTF  as 
a  direct  stimulator  of  axon  regrowth.  A  recent  study  provided  hints  on 
why  some  injured  neurons  respond  so  poorly  to  CNTF.  Following  an 
axon  injury,  SOCS3  is  upregulated  rapidly  in  injured  neurons  (Fischer 
et  al.,  2004;  Park  et  ah,  2009),  an  event  which  likely  restricts  the  actions  of 
CNTF  on  neurons.  Smith  et  al.  (2009)  reported  that  conditional  deletion 
of  SOCS3  in  RGCs  was  sufficient  to  enhance  axon  regeneration  after 
optic  nerve  injury.  This  effect  can  be  abohshed  with  concomitant  deletion 
of  gpl30,  indicating  that  gpl30  mediates  the  SOCS3  knockout  effect  on 
axon  regeneration  (Smith  et  al.,  2009).  Further,  while  injection  of  CNTF 
alone  yielded  only  limited  extent  of  axon  regeneration,  CNTF  treatment 
in  SOCS3-deleted  mice  led  to  robust  axon  regeneration  (Smith  et  al, 
2009).  More  recently,  viral-mediated  overexpression  of  DN  SOCS3  in 
adult  RGCs  diminished  CNTF-induced  axon  regeneration  into  a 
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peripheral  nei've  graft  (Hellstrom  et  al,  2011).  Together,  these  data  support  a 
model  in  which  SOCS3  suppresses  axon  regeneration  hy  antagonizing  the 
cytokine  regulated  gpl30  signaftng  pathway,  and  that  relieving  SOCS3 
activity  further  potentiates  cytokine  (e.g.,  CNTF)  effects  on  regeneration. 
The  gpl30  pathway  may  be  triggered  by  inflammatory  cytokines  after 
injury  but  would  remain  unproductive  owing  to  subsequent  induction  of 
and  suppression  by  the  SOCS  proteins. 

What  are  the  downstream  intracellular  mechanisms  underlying  the  en¬ 
hanced  axon  regeneration  induced  by  CNTF  elevation  or  SOCS3  deletion? 
STAT3  is  activated  in  RGCs  after  CNTF  treatment,  andJAK/STAT  inhib¬ 
itors  attenuate  CNTF-stimulated  neuiite  outgrowth  from  purified  RGCs 
(Leibinger  et  ah,  2009;  Lingor  et  ah,  2008;  Muller  et  ah,  2009).  These 
data  indicate  that  CNTF  exerts  its  effect  at  least  in  part  through  the  JAK/ 
STAT  pathway.  CNTF  has  also  been  shown  to  activate  several  other 
intracellular  signaling  pathways  including  MAPK/ERK  and  PI3K/AKT 
pathways  (Alonzi  et  ah,  2001;  Leibinger  et  ah,  2009;  Muller  et  ah,  2009; 
Park  et  ah,  2004).  Inhibition  of  MAPK  and  PI3K  reduces  CNTF’s  effect 
on  axon  growth  in  peripheral  neurons  and  RGCs  (Alonzi  et  ah,  2001; 
Dolcet  et  ah,  2001;  Muller  et  al.,  2009;  Park  et  ah,  2004),  suggesting  that 
CNTF  may  activate  multiple  pathways  to  induce  axon  regeneration. 
Clear  evidence  indicating  STAT3  as  the  primary  effector  of  axon 
regeneration  induced  by  SOCS3  deletion  came  from  a  study  using 
double  knockout  mice  lacking  SOCS3/STAT3  in  adult  neurons.  While 
single  SOCS3  knockout  mice  permit  significant  axon  regeneration  in  the 
optic  nerve,  mice  bearing  double  SOCS3/STAT3  deletion  fail  to 
regenerate  axons  (Sun  et  ah,  2011),  indicating  that  STAT3  is  required  for 
the  axon  regeneration  in  the  background  of  SOCS3  deletion.  What 
downstream  targets  could  mediate  STAT3’s  effects  on  axon  regeneration? 
Gene  profiling  studies  using  purified  RGCs  demonstrate  that  many  genes 
implicated  in  PNS  axon  regeneration,  such  as  Jun,  GAP43,  Id2,  SOXll, 
ATF3,  and  galanin,  are  significantly  altered  in  axon-regenerating  RGCs 
after  SOCS3  deletion  (Sun  et  al.,  2011),  consistent  with  the  notion  that 
the  JAK/STAT  pathway  is  a  critical  one  for  PNS  axon  regeneration. 


3.3.  STAT3:  A  facilitator  of  axon  regeneration 

The  JAK/STAT  system  provides  direct  mechanisms  to  respond  to  extracel¬ 
lular  stimuh.  Many  ligands  including  cytokines,  hormones,  and  growth  fac¬ 
tors,  and  their  receptors  activate  the  JAK/STAT  pathway;  once  activated. 
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the  JAK/STAT  regulates  various  cellular  functions,  including  proliferation, 
growth,  and  immune  response  (Rawlings,  Rosier,  &  Harrison,  2004;  Shuai 
&  Liu,  2003).  Several  studies  indicate  that  the  activation  of  STAT3  and 
subsequent  induction  and  changes  in  the  neuronal  gene  expression  are 
key/important/necessary  for  stimulating  axon  regeneration  in  both  the 
PNS  and  CNS.  This  statement  is  supported  by  high  levels  of  STAT3 
activation  in  neurons  with  high  regenerative  capacity,  reduction  of  axon 
regeneration  by  pharmacologic  and  genetic  depletion  of  STAT3  activity, 
and  increase  in  axon  regeneration  after  genetically  enforcing  STAT3 
activation.  In  the  DRG  system,  a  peripheral  axon  injury  that  leads  to 
enhanced  axon  regeneration  is  associated  with  concomitant  activation  of 
STAT3  in  injured  neurons  (Schwaiger  et  ah,  2000;  Sheu,  Kulhanek,  & 
Eckenstein,  2000).  In  contrast,  failure  of  axon  regrowth  after  a  central 
lesion  parallels  the  inability  of  STAT3  to  be  activated  (Schwaiger  et  ah, 
2000),  pointing  to  distinct  responsive  mechanisms  to  axotomy  in  PNS 
versus  CNS.  STAT3  activation  as  a  consequence  of  the  peripheral 
conditioning  lesion  is  required  for  the  central  axon  regrowth  (Qiu, 
Cafferty,  McMahon,  &  Thompson,  2005).  These  results  are  consistent 
with  the  hypothesis  that  neurons  fail  to  respond  to  injury  in  the  CNS, 
while  a  peripheral  lesion  would  initiate  a  regenerative  response. 
Suppressing  STAT3  activity  diminishes  regenerative  response  after  PNS 
injury  (Bareyre  et  ah,  2011),  while  overexpression  of  STAT3  enhances 
neurite  outgrowth  in  vitro  and  axon  regeneration  in  vivo  (Bareyre  et  ah, 
2011;  Smith  et  ah,  2011).  Recent  findings  further  defined  the  functional 
role  of  STAT3  in  the  initiation  but  not  elongation  phase  during  axon 
regeneration.  Specifically,  through  real-time  fluorescent  imaging  of 
STAT3-deficient  and  competent  axons  after  injury,  the  authors  showed 
that  STAT3  overexpression  promotes  axon  sprouting  but  not  sustained 
long-distance  growth  of  cultured  neurons  (Bareyre  et  ah,  2011). 

How  does  STAT3  activation  facilitate  axon  regeneration?  Transcription 
is  necessary  for  neuronal  transformation  into  a  regenerative-capable  state 
after  injury.  In  fact,  multiple  regeneration-associated  transcriptional  factors 
have  been  identified  (e.g.,  KLF,  API,  CREB,  NEAT,  and  ATF3) 
(Blackmore  et  ah,  2012;  Moore  &  Coldberg,  2011;  Tedeschi,  2011). 
STAT3,  as  a  transcriptional  activator,  is  known  to  activate  more  than  100 
downstream  targets,  some  of  which  are  known  to  affect  axon  growth 
including  the  cell  cycle  inhibitor  P21/Cipl/Wafl  (Tanaka  et  al.,  2002), 
the  small  proHne  rich  protein  la  (SPRRIA)  (Pradervand  et  ah,  2004),  and 
the  IFN  regulatory  factor  1  (IRFl)  (Harroch,  Revel,  &  Chebath,  1994; 
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Smith  et  al.,  2011).  Gpl30  is  also  upregulated  by  STAT3  activation, 
suggesting  a  positive  feedback  loop  that  potentiates  STAT3’s  effects 
(O’Brien  &  Manolagas,  1997;  Smith  et  al.,  2011).  STAT3  activation  is  also 
implicated  in  epigenetic  modulation,  raising  a  possibility  that  epigenetic 
mechanisms  contribute  to  STAT3-mediated  axon  growth  (Trakhtenberg  & 
Goldberg,  2012).  STAT3  has  been  shown  to  turn  on  transcription  of  an 
epigenetic  regulator  DNA  methyltransferase  1  (DNMTl)  in  cancer  cell 
lines,  and  in  the  same  context,  activated  STAT3  forms  transcriptionally 
repressive  complexes  with  DNMTl  and  histone  deacetylase  1  at  the 
promoter  of  SHP-1  phosphatase,  a  tumor  suppressor.  The  repression  is 
mediated  in  part  by  promoter  silencing  through  DNA  methylation 
(Zhang  et  al.,  2005,  2006).  Moreover,  in  the  epithelial  cell  line  MCF-10, 
STAT3  activation  is  able  to  upregulate  expression  of  miR-21  which  has 
been  implicated  with  a  pro-regenerative  role  in  adult  DRG  neurons  after 
axotomy  (iHopoulos,  Jaeger,  Hirsch,  Bulyk,  &  Struhl,  2010;  Strickland 
et  al.,  2011;  Trakhtenberg  &  Goldberg,  2012). 

While  the  STAT3-mediated  effect  is  attributed  mainly  to  its  nuclear- 
transcriptional  role,  evidence  suggests  that  STAT3  could  also  act  through 
nontranscriptional  mechanisms.  STAT3  interacts  with  microtubules  to  pro¬ 
mote  cell  migration,  an  effect  that  is  mediated  by  its  competition  with  the 
binding  of  the  microtubule-associated  protein  stathmin  (Ng  et  al.,  2006). 
STAT3  is  also  found  in  mitochondria  (Wegrzyn  et  al.,  2009).  Mitochondrial 
STAT3  regulates  metabolic  function  in  mitochondria  to  support  growth  of 
certain  types  of  cancer  cells  (Gough  et  al.,  2009).  More  recently,  mitochon¬ 
drial  STAT3  was  shown  to  facilitate  neurite  outgrowth  in  response  to  nerve 
growth  factor  (NGF).  NGF  increases  the  level  of  STAT3  serine  but  not  ty¬ 
rosine  phosphorylation  in  PC  12  cells  and  cortical  neurons,  and  serine  phos- 
phorylated  STAT3  was  localized  in  mitochondria  but  not  in  the  nucleus. 
A  serine  DN-STAT3  mutant  attenuates  NGF-stimulated  neurite  out¬ 
growth,  suggesting  a  role  for  mitochondria-targeted  STAT3  in  facilitating 
axon  growth  (Zhou  &  Too,  2011).  Recent  findings  also  indicate  STAT3 
as  an  injury  signal  retrogradely  conveyed  from  the  site  of  lesion  to  the  cell 
body.  After  peripheral  nerve  injury,  phosphorylated  (i.e.,  active)  STAT3  is 
detected  in  the  injured  axons  and  later  in  the  soma  (Lee,  Neitzel,  Devlin,  & 
MacLennan,  2004).  A  subset  of  STAT3  transcripts  is  axonaUy  targeted  at  the 
default  state  by  its  3^UTR.  Upon  axonal  injury,  the  STAT3  protein  is  locally 
synthesized  and  phosphorylated  in  axoplasm.  This  activated  form  of 
phosphorylated  (p)-STAT3  is  then  packaged  into  the  dynein-transport  path¬ 
way  by  interaction  with  the  Importin  system  and  retrogradely  transported. 
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Detection  of  nuclear  p-STAT3  correlates  with  upregulated  transcription  of 
STAT3-responsive  genes.  Functionally,  axonal  STAT3  and  its  retrograde 
transport  to  the  cell  body  prevent  sensory  neuronal  death  after 
axotomy  but  exert  minimal  effect  on  axon  growth  (Ben-Yaakov  et  al., 
2012).  It  was  also  suggested  that  delay  in  detection  of  nuclear  p-STAT3 
depends  on  distance  between  the  injury  site  and  cell  body  (Ben-Yaakov 
et  al.,  2012).  Overall,  these  findings  indicate  that  STAT3  could  have  diverse 
roles,  from  conveying  injury  signals  to  the  cell  body,  to  facilitating  gene 
transcription  and  mitochondrial  function  in  order  to  foster  axon  regeneration. 
However,  the  detailed  mechanisms  underlying  STAT3’s  effects  on  axon 
growth  remain  to  be  elucidated. 


SYNERGISTIC  EFFECTS  FROM  SIMULTANEOUSLY 
TARGETING  PTEN  AND  OTHER  GROWTH-PROMOTING 
FACTORS 


The  process  of  axon  regeneration  is  multifaceted  that  requires  activa¬ 
tion  of  the  regenerative  program  in  response  to  injury  signals  to  initiate 
growth  cone  formation,  followed  by  sustained  axon  extension.  This  process 
is  likely  mediated  by  activation  and  modification  of  multiple  signaling  path¬ 
ways  working  in  concert,  leading  to  enhanced  gene  transcription  and  pro¬ 
tein  translation.  In  the  visual  system,  deletion  of  either  PTEN  or  SOCS3 
alone  in  adult  RGCs  promotes  some  degree  of  axon  regeneration  (Park 
et  al.,  2008;  Smith  et  al.,  2009),  but  the  regeneration  occurs  shortly  after 
injury,  subsides  substantially,  and  involves  only  a  small  population  of  total 
retinal  neurons  after  single  treatments.  However,  combining  PTEN 
deletion  with  other  growth-enhancing  factors  results  in  much  more 
robust  axon  regeneration  when  compared  to  targeting  PTEN  alone.  For 
instance,  intraocular  inflammation  is  known  to  stimulate  RGC  axon 
regeneration  after  lesion  (Fischer,  Heiduschka,  &  Thanos,  2001;  Leon, 
Yin,  Nguyen,  Irwin,  &  Benowitz,  2000).  cAMP  elevation  has  a  minimal 
effect  on  its  own  but  enhances  CNTF  (Cui,  Yip,  Zhao,  So,  &  Harvey, 
2003)  or  inflammation  effects  on  axon  growth  (Yin  et  al.,  2006,  2009). 
PTEN  deletion  in  RGCs  combined  with  inflammation  and  cAMP 
analogues  promotes  a  much  greater  extent  of  axon  regeneration  in  the 
optic  nerve  compared  to  targeting  them  individually  (Kurimoto  et  al., 
2010).  More  recently,  double  deletion  of  PTEN  and  SOCS3  was  shown 
to  result  in  much  stronger  CNS  axon  regeneration  compared  to  deleting 
either  gene  alone  (Sun  et  al.,  2011). 
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How  does  the  simultaneous  targeting  of  PTEN  with  these  factors  syn- 
ergistically  enhance  axon  regeneration?  Elucidation  of  molecular  mecha¬ 
nisms  underlying  the  synergistic  effects  may  reveal  important  insights  into 
the  process  of  axon  regeneration.  Targeting  multiple  factors  concomitantly 
could  either  activate  complementary  pathways  or  activate  key-pathways  to  a 
greater  extent  than  when  targeting  them  individually.  For  instance,  either 
inflammation/ cAMP  elevation  or  PTEN  deletion  results  in  enhanced  acti¬ 
vation  of  MAPK,  (i.e.,  one  of  the  signaling  pathways  known  to  facilitate 
axon  regeneration),  hut  combined  treatment  leads  to  even  greater  MAPK 
activation  compared  to  single  treatments  (Kurimoto  et  ah,  2010).  In  a  series 
of  knockout  mouse  studies,  it  was  demonstrated  that  axon  regeneration  in¬ 
duced  after  PTEN  deletion  is  mediated  primarily  by  mTOR  activation 
(Park  et  ah,  2008),  whereas  that  induced  after  SOCS3  deletion  is  indepen¬ 
dent  of  mTOR,  but  instead  requires  STAT3  activation  (Smith  et  ah,  2009; 
Sun  et  ah,  2011).  Robust  axon  regeneration  induced  after  codeletion  of 
PTEN  and  SOCS3  was  concomitant  with  coactivation  of  mTOR  and 
STAT3  (Sun  et  al.,  2011).  Thus,  these  studies  suggest  that  mTOR  and 
STAT3  represent  two  distinctive  but  complementary  arms  of  the 
regenerative  program.  Considering  that  mTOR  regulates  protein 
translation,  while  STAT3  is  a  transcription  factor  involved  in  altering 
gene  expression,  it  is  conceivable  that  the  synergy  induced  after 
coactivation  of  these  pathways  reflects  an  increase  in  both  gene 
transcription  and  protein  translation.  Furthermore,  past  studies  using  non¬ 
neuronal  cells  support  a  positive  correlation  between  mTOR  and  STAT3 
activation.  mTOR  activation  correlates  with  increased  STAT3 
expression,  phosphorylation,  and  nuclear  localization  (Goncharova  et  ah, 
2009;  Yokogami  et  ah,  2000;  Zhou  et  ah,  2007).  When  activated  by 
receptor  tyrosine  kinases,  STAT3  has  a  relatively  short  half-life  in  the 
nucleus  in  the  presence  of  nuclear  phosphotyrosyl  phosphatase,  the 
nuclear  export  system,  and  SOCS  family  members  (Alexander  &  Hilton, 
2004;  Bhattacharya  &  Schindler,  2003;  Mustelin,  Vang,  &  Bottini,  2005; 
Schindler,  Levy,  &  Decker,  2007).  Through  direct  phosphorylation, 
mTOR  may  positively  regulate  transcriptional  activity  of  STAT3  in 
RGCs.  Transcriptional  profiling  of  RGCs  after  injury  reveals  distinct 
gene  expression  patterns  among  the  PTEN,  SOCS3,  and  PTEN/ 
SOCS3-deleted  neurons.  PTEN/SOCS3  double  deletion  results  in 
enhanced  upregulation  of  a  subset  of  regeneration-associated  genes  that 
were  shown  to  be  moderately  changed  after  any  single  deletion. 
Moreover,  PTEN/SOCS3  deletion  upregulates  mTOR’s  positive 
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regulators,  including  Rheb  and  insulin  growth  factor  1  (IGFl),  which  could 
act  as  a  “feed-forward”  mechanism  to  further  potentiate  mTOR  activation 
and  axon  growth.  Interestingly,  deleting  PTEN  and/or  SOCS3  leads  to 
reduction  of  KLF4,  a  transcription  factor  known  to  impede  axon 
regeneration  (Moore  et  al.,  2009),  and  an  upregulation  of  KLF6,  a 
member  of  the  same  gene  family  known  to  facilitate  axon  regeneration 
(Moore  et  al.,  2009).  Thus,  axon  regeneration  induced  after  manipulating 
PTEN  and  SOCS3  may  in  part  be  due  to  their  ability  to  shift  the  balance 
of  KEF  genes  toward  those  that  favor  axon  growth.  Despite  these 
insights,  however,  the  underlying  mechanisms  of  synergistic  axon 
regeneration  after  modifying  multiple  genes  remain  largely  unknown  and 
require  further  investigation. 


5.  SUMMARY  AND  PERSPECTIVES 


Recent  progress  in  promoting  robust  regeneration  of  mammalian 
CNS  axons  using  genetic  manipulation  of  neurons  supports  the  notion  that 
activating  intrinsic  growth  programs  is  critical  to  reverse  axon  regeneration 
failure.  Depleting  PTEN  in  adult  CNS  neurons  enhances  axon  regrowth,  an 
effect  that  could  be  further  potentiated  by  simultaneously  targeting  SOCS3 
or  other  growth-enhancing  factors  (Kurimoto  et  al.,  2010;  Park  et  al.,  2008; 
Sun  et  al.,  201 1).  The  pursuit  of  robust  and  sustained  regeneration  of  injured 
CNS  axons  raises  several  important  questions.  First,  what  are  the  main 
molecular  mechanisms  underlying  the  synergistic  effects  induced  after 
inactivating  PTEN  and  SOCS3  in  neurons?  Deciphering  the  mechanisms 
underlying  this  form  of  axon  regeneration  may  further  extend  our 
understanding  of  axon  regeneration  failure.  PTEN  and  SOCS3  are  two 
signaling  suppressors  whose  perturbation  is  likely  to  affect  myriad 
downstream  effectors.  Accordingly,  a  wide  range  of  cellular  processes 
could  be  activated  including  cytoskeleton  dynamics,  growth  cone 
formation,  axonal  transport,  and  axon  extension.  These  events  are  key  to 
successful  axon  regeneration.  PTEN  and  SOCS3  deletion  in  RCCs 
results  in  hyperactivation  of  mTOR  and  STAT3,  and  preventing 
activation  of  these  two  molecules  attenuates  axon  regeneration  (Park, 


Liu,  Hu,  Kanter,  &  He,  2010;  Park  et  al.,  2008;  Smith  et  al.,  2009;  Sun 


et  al.,  2011).  Thus,  it  is  conceivable  that  while  mTOR  may  determine 
the  competence  of  axon  regeneration,  gpl30/STAT3  dependent  signals 
likely  represent  injury  signals  that  could  switch  on  or  off  the  regenerative 
program  (Fig.  7.3).  Elucidating  the  genetic  interplay  between  signaling 
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Neuronal  determinants  for 
axon  growth  capacity 


•  Induction  RAG  expression 

•  Enhancement  in  protein  synthesis 

•  Microtubule  reorganization  and  assembly 

For  example,  mTOR,  STATS,  NFAT,  CREB, 
c-Jun,  ATF3,  SOX1 1 ,  KLF  family 
members,  and  cAMP 


Injury  signal 


•  Rapid  responses  to  axotomy- 
calcium  influx  and  changes  in 
electrical  activity 

•  Blockage  of  retrograde  transport  of 
target  derived  neurotrophic  factors 

•  Retrograde  transport  of  injury 
signal  (e.g.,  STATS,  ERK,  and  JIP) 


•  Injury-induced  production 
cytokines  around  the  lesion  site  and 


Figure  7.3  A  model  for  axon  regeneration  after  injury.  Upon  axonal  injury,  several 
immediate  changes  convey  signals  to  initiate  axon  regrowth.  These  early  signal  include 
abrupt  elevation  of  intracellular  Ca^^  and  interruption  of  electrical  activity.  Anterograde 
and  retrograde  trafficking  of  vesicles  and  trophic  factors  are  also  interrupted.  Injury- 
induced  cytokines  are  upregulated  at  the  injury  site  and  around  the  neuronal  cell  body, 
which  likely  operate  as  injury-induced  signals  for  triggering  axon  growth  program.  For 
successful  regeneration,  injury  signals  (e.g..  Importing,  STAT3,  and  ERK)  are  conveyed 
retrogradely  to  the  cell  body.  Importantly,  an  injured  neuron  must  be  capable  of  sensing 
these  signals  and  also  have  sufficient  cellular  machineries  to  facilitate  transcription  of 
regeneration-associated  genes  (RAG),  enhanced  protein  synthesis  and  cytoskeletal 
reorganization. 


pathways  and  their  downstream  effectors  during  the  regenerative  response 
will  be  a  major  challenge  for  future  research.  Second,  what  is  the 
functional  outcome  of  new  connections  resulting  from  PTEN  and 
SOCS3  manipulation?  Sustained  and  long-distance  axon  regeneration  is 
likely  to  be  crucial  for  meaningful  functional  recovery  after  many  forms 
of  CNS  injury  including  spinal  cord  injury  and  optic  neuropathy.  In 
addition  to  axon  elongation,  however,  regenerated  axons  must  find  their 
appropriate  targets  and  make  productive  functional  connections.  Given 
that  perturbing  PTEN  and  SOCS3  pathways  in  neurons  alter  normal 
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cellular  functions  (Luikart  et  al.,  2011;  Rodger,  Drummond,  Hellstrom, 
Robertson,  &  Harvey,  2012),  it  is  of  paramount  importance  to  determine 
if  the  axons  in  question  are  able  to  achieve  these  important  post¬ 
regeneration  events.  Answering  these  questions  will  help  us  in  the  future 
to  translate  recent  findings  into  new  therapeutic  strategies. 
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Retrograde  Signaling  in  the  Optic  Nerve  Is  Necessary  for 
Electrical  Responsiveness  of  Retinal  Ganglion  Cells 

Tsung-Han  Chou,^  Kevin  K.  Park,^  Xueting  Luo,^  and  Vittorio  Porciatti^ 


Purpose.  We  investigated  the  role  of  retrograde  signaling  in  the 
optic  nerve  on  retinal  ganglion  cell  (RGC)  electrical  respon¬ 
siveness  in  the  mouse  model. 

Methods.  Electrical  response  of  RGC  was  measured  by  pattern 
electroretinogram  (PERG)  in  43  C57BL/6J  mice  4  to  6  months 
old  under  ketamine/xylazine  anesthesia.  PERGs  were  recorded 
before  and  at  different  times  after  blockade  of  axon  transport 
with  lidocaine  at  either  the  retrobulbar  level  (2  pL,  40  pg/pL) 
or  at  level  of  the  superior  colliculus  (SC,  1  pL,  40  pg/pL). 
PERGs  also  were  recorded  before  and  at  different  times  after 
optic  nerve  crush  1.5  mm  behind  the  eye,  followed  by  TUJl- 
positive  RGC  counts  of  excised  retinas.  As  controls,  PERGs  also 
were  recorded  after  either  saline  injections  or  sham  optic 
nerve  surgery.  The  photopic  flash  electroretinogram  (FERG) 
and  visual  evoked  potential  (FVEP)  also  were  recorded  before 
lidocaine  and  at  relevant  times  afterwards. 

Results.  Lidocaine  injection  caused  rapid  (retrobulbar  ~10 
minutes,  SC  1  hour),  reversible  reduction  of  PERG  amplitude 
(>50%).  Optic  nerve  crush  caused  rapid  (10-20  minutes), 
irreversible  reduction  of  PERG  amplitude  (70-75%),  increase  of 
PERG  latency  (>25%),  as  well  as  RGC  loss  (88%)  1  month  after 
crush.  FVEP  was  unaltered  by  lidocaine.  For  all  procedures,  the 
FERG  was  unaltered. 

Conclusions.  As  experimental  interventions  were  made  at 
postretinal  level(s),  PERG  changes  were  likely  associated  with 
altered  supply  of  retrogradely-delivered  material  from  the  SC. 
This  implies  that  retrograde  transport  of  target-derived 
molecules  is  necessary  for  normal  RGC  electrical  responsive¬ 
ness.  The  time  course  of  early  PERG  changes  is  consistent  with 
the  speed  of  fast  retrograde  axon  transport.  (Invest  Ophthal¬ 
mol  Vis  Sci.  2013;54:1236-1243)  DOl:10.1l67/iovs.l2-11188 


Optic  nerve  diseases,  such  as  glaucoma,  optic  neuritis,  and 
Leber’s  hereditary  optic  neuropathy  (LHON),  are  a  family 
of  disorders  whose  final  common  pathway  is  retinal  ganglion 
cell  (RGC)  degeneration  resulting  in  blindness.  Increasing 
evidence  in  animal  models  of  glaucoma  and  optic  nerve 
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diseases  shows  that  RGC  death  is  preceded  by  a  stage  of  optic 
neuropathy  that  includes  impairment  of  axon  transport.*"*^  In 
experimental  models  of  glaucoma  and  optic  nerve  disease, 
RGC  death  also  has  been  shown  to  be  preceded  by  loss  of  RGC 
electrical  responsiveness  that  can  be  measured  either  at  single 
cell  level^  or  noninvasively  over  time  with  the  pattern 
electroretinogram  (PERG). Importantly,  PERG  abnormali¬ 
ties  in  human  and  mouse  glaucoma  models  may  be  improved 
after  lOP  reduction, suggesting  that  loss  of  PERG  signal 
preceding  death  is  reversible. 

Thus,  there  is  interest  in  investigating  the  factors  that  alter 
RGC  electrical  responsiveness  to  design  therapeutic  strategies 
to  restore  impaired  function  and  prolong  cell  survival.  Here, 
we  investigated  the  role  of  retrograde  signaling  on  RGC 
responsiveness  in  the  mouse.  We  showed  that  lidocaine 
injected  into  the  eye  orbit  or  within  the  superior  colliculus 
(SC)  causes  reversible  reduction  of  PERG  signal.  Retrobulbar 
optic  nerve  crush  causes  rapid,  irreversible  loss  of  PERG  signal 
that  precedes  RGC  death.  Altogether,  results  suggested  that 
intact  retrograde  signaling  is  necessary  for  normal  RGC 
responsiveness.  Preliminary  results  of  our  study  have  been 
reported  previously  in  abstract  form  (Chou  TH,  et  al.  lOVS 
2012;53:ARVO  E-Abstract  1956). 

Materials  and  Methods 

Animals  and  Husbandry 

Our  Study  was  approved  by  the  Animal  Care  and  Use  Committee  at 
University  of  Miami.  All  experiments  were  conducted  according  to  the 
ARVO  Statement  for  the  Use  of  Animals  in  Ophthalmic  and  Vision 
Research.  C57BL/6J  mice  (B6)  purchased  from  the  Jackson  Laboratory 
(Bar  Harbor,  ME)  were  kept  in  our  AAALAC-certified  vivarium,  using 
standard  12:1 2-hour  light-dark  cycle  and  fed  with  Grain  Based  Diet  (Lab 
Diet:  500,  Opti-diet;  PMI  Nutrition  International,  Inc.,  Brentwood,  MO). 
For  the  present  study,  43  C7BL/6J  mice  of  3  to  4  months  of  age  were 
used. 

Interventional  Procedures 

Mice  were  weighed  and  anesthetized  with  intraperitoneal  (IP) 
injections  (0.5-0. 7  mL/kg)  of  a  mixture  of  ketamine  42.8  mg/mL  and 
xylazine  8.6  mg/ml.  Lidocaine  was  injected  either  retrobulbarly  or  at 
the  level  of  the  SC.  Retrobulbar  injections  of  lidocaine  (2  pL,  40  pg/pL) 
were  performed  with  a  23-gauge  needle  using  a  supraorbital  approach. 
Care  was  taken  that  the  procedure  did  not  cause  orbital  hemorrhage. 
For  intracollicular  lidocaine  injections,  the  head  fur  was  shaved  and  the 
surgical  site  prepared  with  10%  povidone-iodine.  An  incision  of  the 
scalp  was  performed  to  expose  the  skull.  A  small  hole  was  drilled  2.9 
mm  behind  the  bregma  and  0.5  mm  lateral  to  the  midline  of  the  right 
hemisphere  by  using  a  high-speed  dental  drill.  Lidocaine  (1  pL,  40  pg/ 
pL)  was  injected  slowly  at  a  depth  of  1.6  mm  below  the  dura  using  a 
Hamilton  syringe. 

Optic  nerve  crush  was  performed  as  described  previously.^^'^^  The 
left  optic  nerve  was  exposed  intraorbitally  after  incision  of  the 
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temporal  conjunctiva  followed  by  blunt  dissection,  and  crushed  with 
jeweler’s  forceps  (Dumont  #5;  Roboz  Surgical  Instrument  Co.,  Inc., 
Gaithersburg,  MD)  for  5  seconds  approximately  1  to  1.5  mm  behind 
the  optic  disc.  To  preserve  the  retinal  blood  supply,  care  was  taken  not 
to  damage  the  underlying  ophthalmic  artery.  After  the  surgical 
procedure,  mice  received  a  subcutaneous  injection  of  buprenorphine 
(0.05  mg/kg;  Bedford  Laboratories,  Bedford,  OH)  as  postoperative 
analgesic.  Eye  ointment  containing  atropine  sulfate  was  applied 
preoperatively  to  protect  the  cornea  during  surgery. 

PERG  Recording 

A  detailed  description  of  the  PERG  technique  has  been  reported 
previously.  In  brief,  mice  were  weighed  and  anesthetized  with 

intraperitoneal  injections  (0. 5-0.7  mL/kg)  of  a  mixture  of  ketamine 
42.8  mg/mL  and  xylazine  8.6  mg/ml.  Mice  then  were  restrained  gently 
in  a  custom-made  holder  that  allowed  unobstructed  vision.  The  body  of 
the  animal  was  kept  at  a  constant  body  temperature  of  37.0°C  using  a 
feedback-controlled  heating  pad  (TCAT-2LV;  Physitemp  Instruments, 
Inc.,  Clifton,  NJ).  The  eyes  of  anesthetized  mice  typically  were  wide 
open  and  in  a  stable  position,  with  optical  axes  pointing  laterally  and 
upwardly. 

A  PERG  electrode  (0.25  mm  diameter  silver  wire  configured  to  a 
semicircular  loop  of  2  mm  radius)  was  placed  on  the  extrapupillary 
corneal  surface  by  means  of  a  micromanipulator.  A  small  drop  of 
balanced  saline  was  applied  topically  every  30  minutes  to  prevent 
corneal  dryness.  Reference  and  ground  electrodes  were  stainless  steel 
needles  inserted  under  the  skin  of  the  posterior  scalp  along  the  midline 
and  of  the  tail,  respectively. 

Visual  stimuli  consisted  of  contrast-reversing  (2  reversals/s) 
horizontal  bars  (0.05  cycles/deg,  100%  contrast,  mean  luminance  50 
cd/m^)  generated  by  a  programmable  graphic  card  (VSG;  Cambridge 
Research  Systems,  Rochester,  UK)  on  a  CRT  display  (Sony  Multiscan 
500;  Sony,  New  York,  NY)  whose  center  was  aligned  with  the 
projection  of  the  pupil.  The  pupils  were  not  dilated,  and  eyes  were  not 
refracted  for  the  viewing  distance,  since  the  mouse  eye  has  a  large 
depth  of  focus. At  the  viewing  distance  of  15  cm,  the  stimulus  field 
covered  an  area  of  69.4  X  63.4  degrees.  Three  consecutive  PERG 
responses  to  600  contrast  reversals  each  were  recorded.  The  responses 
were  superimposed  to  check  for  consistency  and  then  averaged  (1800 
sweeps).  The  PERG  waveform  consisted  of  a  major  positive  peak  at 
around  80  ms  to  120  ms  (defined  as  PI 00)  followed  by  a  slower 
negative  wave  with  a  broad  trougli  at  around  200  ms  to  300  ms 
(defined  as  N250).^^  The  PERG  amplitude  was  the  sum  of  the  PlOO  and 
N250  amplitudes.  The  PERG  latency  was  the  time  to  the  PlOO  peak. 
Representative  examples  are  shown  in  Figure  1. 

Protocol 

After  recording  a  baseline  PERG,  lidocaine  was  injected  either  behind 
the  globe  (retrobulbar)  or  within  the  SC  (intracollicular),  and  PERG 
recorded  at  the  first  available  postinterventional  opportunity  (approx¬ 
imately  10  minutes  for  retrobulbar  lidocaine  and  within  1  hour  for 
intracollicular  lidocaine),  and  at  different  times  during  the  same  day 
and  in  subsequent  days.  After  recording  a  baseline  PERG,  the  optic 
nerve  of  one  side  was  crushed  and  the  PERG  then  was  recorded  at  the 
first  available  postinterventional  opportunity  (10-20  minutes  after 
surgery),  and  at  different  times  during  the  same  day  and  in  subsequent 
days.  One  month  after  optic  nerve  crush,  mice  were  euthanized,  and 
retinas  and  optic  nerves  harvested  for  RGC  immunohistochemistry. 

Immunohistochemlstry  for  RGC  Counts 

Whole  mount  retinal  staining  and  RGC  counting  were  performed  as 
described  previously.  Antibodies  were  diluted  in  blocking  solution 
consisting  of  5%  normal  goat  serum  (NGS)  and  0.3%  Triton  X-100  in 
PBS.  Retinas  were  blocked  for  1  hour  at  room  temperature,  and 
incubated  with  primary  antibody,  mouse  neuronal  class  p-III  tubulin 


(clone  TUJl,  1:400  dilution;  Covance,  Princeton,  NJ)  overnight  at  4°C, 
and  washed  three  times  for  10  minutes  each  with  PBS.  Secondary 
antibody  then  was  applied  (1:200;  Jackson  Laboratory)  and  incubated 
for  1  hour  at  room  temperature.  Retinas  were  washed  again  three  times 
for  10  minutes  each  with  PBS  before  a  cover  slip  was  attached  with 
Fluoromount-G  (Southern  Biotech,  Birmingham,  AL).  For  RGC  count¬ 
ing,  9  to  12  fields  of  the  whole  mount  retinas  immunostained  with 
TUJl  antibody  were  sampled  randomly  at  approximately  0.5,  1,  and  1.5 
mm  from  the  center  of  the  optic  nerve  in  each  retinal  quadrant  under  a 
fluorescence  microscope.  Quantification  of  TUJl-positive  RGCs  is 
represented  as  percentage  of  TUJl-positive  RGCs  compared  to  the 
uninjured  contralateral  retinas.  In  previous  studies  of  our  group  (e.g.. 
Park  et  al.^Q  as  well  as  of  others, it  has  been  shown  that  TUJl- 
positive  cells  overlap  completely  with  retrogradely  transported 
FluoroGold-positive  cells,  but  did  not  overlap  with  ChAT-positive 
amacrine  cells.  Thus,  TUJl  immunoreactivity  could  be  used  to  estimate 
the  total  number  of  surviving  RGCs. 

Controls 

As  a  control  of  nonspecific  effects  of  lidocaine  injections,  the  PERG 
was  recorded  before  and  after  injections  of  PBS  either  retrobulbar  or 
intracollicular,  using  identical  volume  and  procedures.  As  a  control  for 
nonspecific  effects  of  optic  nerve  crush,  the  optic  nerve  was  exposed 
as  described  above,  but  not  crushed.  As  a  control  for  generalized  effect 
of  lidocaine/optic  nerve  crush  to  outer  retinal  neurons,  a  photopic 
ERG  (FERG)  was  recorded  in  response  to  diffuse  bright  flashes  on  a 
rod-saturating  background  as  described  previously.^^  The  FERG  was 
recorded  before  and  after  lidocaine/optic  nerve  crush,  at  post¬ 
treatment  times  when  the  PERG  had  the  lowest  amplitude  compared 
to  baseline.  The  FERG  waveform  consisted  of  a  major  positive  b-wave 
peaking  at  approximately  50  ms  followed  by  a  slower  negative  wave 
also  known  as  photopic  negative  response  (PhNR).^^’^^  The  FERG 
amplitude  was  measured  from  the  peak  of  the  b-wave  to  the  trough  of 
the  PhNR  (see  examples  in  Fig.  4).  As  a  control  for  postsynaptic  effects 
of  retrobulbar  lidocaine,  flash-evoked  VEPs  (FVEPs)  were  recorded  in 
response  to  diffuse  light  flashes  similarly  to  the  FERG.  FVEPs  were 
recorded  from  stainless  steel  screws  (shaft  length  2.4  mm,  shaft 
diameter  1.57  mm;  PlasticsOne,  Roanoke,  VA)  inserted  chronically  into 
the  skull  contralateral  to  the  stimulated  eye  2  mm  lateral  to  the  lambda 
suture,  which  corresponds  to  the  monocular  visual  cortex^^’^'^  (see 
examples  in  Fig.  4). 

Statistics 

In  all  experiments,  posttreatment  PERG  changes  were  expressed  as 
percentage  variation  compared  to  the  mean  baseline  value,  and 
analyzed  with  ANOVA  followed  by  post  hoc  Dunnett  tests.  A  P  value 
of  <0.05  was  considered  significant. 

Results 

Retrobulbar  Lidocaine 

The  effect  of  retrobulbar  lidocaine  injection  on  the  PERG  is 
summarized  in  Figure  1 .  The  PERG  amplitude  tended  to 
decrease  (Fig.  lA),  while  the  PERG  latency  tended  to  increase 
(Fig.  1C),  already  10  minutes  after  injection  and  reached  a 
minimum  at  around  30  minutes  to  1  hour.  The  PERG  amplitude 
recovered  to  baseline  values  within  the  next  5  days  after 
injection.  The  effect  of  retrobulbar  lidocaine  on  PERG 
amplitude  was  significant  (ANOVA  P  <  0.001,  post  hoc 
comparisons  versus  baseline  group  [Dunnett]  revealed  signif¬ 
icant  [P  <  0.05]  changes  at  20  and  30  minutes,  and  1  hour). 
PERG  latency  tended  to  increase  after  retrobulbar  lidocaine, 
but  the  effect  was  not  significant  (ANOVA  P=  0.14).  As  shown 
in  Figures  IB  and  ID,  retrobulbar  injection  of  saline  had  no 
effect  on  PERG  amplitude  and  latency. 
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Figure  1.  Effect  of  retrobulbar  lidocaine  injection  on  PERG.  (A)  Representative  examples  of  PERG  waveforms  recorded  before,  and  30  minutes  and 
5  days  after  injection.  (B)  Mean  PERG  amplitude  (B)  and  latency  (D)  before  and  at  different  times  after  injection.  (C,  E)  Mean  PERG  amplitude  (C) 
and  latency  (E)  before  and  after  retrobulbar  saline  injection.  All  data  were  normalized  to  mean  baseline  values  ([B]  28.4  pV,  SEM  2.7;  [D]  94.0  ms, 
SEM  4.6,  n  —  9;  [C]  26.3  pY  SEM  2.1;  [E]  92.5  ms,  SEM  10.5,  n  —  5').  Errors  bars  represent  the  SEM.  Significance  (P  <  0.05)  of  the  effect  compared  to 
baseline  is  represented  by  asterisks  above  bars. 


IntracoUicular  Lidocaine 

The  effect  of  intracollicular  lidocaine  injection  on  the  PERG  is 
summarized  in  Figure  2.  The  PERG  amplitude  decreased  (Fig. 
2A)  1  hour  after  injection  and  then  progressively  tended  to  a 
recovery,  which  was  complete  within  the  next  5  days.  The 
effect  of  intracollicular  lidocaine  on  PERG  amplitude  was 
significant  (ANOVA  P  <  0.001,  post  hoc  comparisons  versus 
baseline  [Dunnett]  revealed  significant  [P  <  0.05]  changes  at 
20  and  30  minutes,  and  1  hour).  PERG  latency  tended  to 
increase,  hut  the  effect  was  not  significant  (ANOVA  P  =  0.053, 
Fig.  2C).  Intracollicular  injection  of  saline  (Fig.  2B)  had  a 
smaller  effect  on  PERG  amplitude  (ANOVA  P  =  0.009),  which 
was  significant  (P  <  0.05)  at  20  minutes  only. 

Optic  Nerve  Crush 

Intraorbital  optic  nerve  crush  resulted  in  much  reduced  PERG 
amplitude  already  10  to  20  minutes  after  surgery,  which 
remained  approximately  at  the  same  reduced  level  over  1 
month  observation  (Fig.  3A).The  effect  was  significant  (ANOVA 
P  <  0.001,  post  hoc  f-tests  P  <  0.001  for  all  postsurgical  points 
compared  to  baseline).  One  month  after  optic  nerve  crush, 
retinas  were  harvested,  and  TUJl -positive  RGCs  counted  (Fig. 
3E)  and  compared  to  RGC  counts  in  noninjured  retinas  (Fig. 
3F).  TUJl-positive  RGC  survival  in  mice  that  received  optic 


nerve  crush  was  on  average  12%  (SEM  1.4).  Optic  nerve  crush 
also  resulted  in  a  progressive  increase  of  PERG  latency  (Fig.  3C, 
ANOVA  F  =  0.033).  Post  hoc  test  showed  significant  (P  <  0.05) 
increase  compared  to  baseline  at  5  days  and  1  month  after 
surgery.  Sham  surgery  did  not  result  in  significant  changes  of 
PERG  amplitude  (Fig.  3B)  and  latency  (Fig.  3D). 

Control  FERG  and  Photopic  Visual  Evoked 
Potential  (EVEP) 

The  FERG  was  recorded  before  retrobulbar  lidocaine/optic 
nerve  crush  and  at  post  treatment  times  at  which  the  PERG  had 
the  lowest  amplitude  compared  to  baseline.  Individual  FERG 
waveforms  were  averaged  and  displayed  in  Figure  4  as  grand- 
average  ±  SEM.  For  retrobulbar  lidocaine  and  optic  nerve 
crush,  pre-  and  post  treatment  FERGs  had  virtually  identical 
grand-average  waveform.  Figure  4  also  shows  that  the  FVEP 
had  very  similar  waveform  recorded  before  and  after  retrobul¬ 
bar  lidocaine  injection. 

Discussion 

Axon  transport  defects  are  a  common  theme  in  neurodegen- 
erative  diseases, including  glaucoma, and  may  have  a 
role  in  the  pathogenesis  of  RGC  death.**’^^  Little  is  known  on 
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Figure  2.  Effect  of  intracollicular  lidocaine  injection  on  PERG.  (A)  Mean  PERG  amplitude  recorded  before  and  at  different  times  after  intracollicular 
lidocaine  injection.  (C)  Mean  PERG  latency  before  and  after  lidocaine  injection.  (B,  D)  Control  experiments  with  intracollicular  saline  injection.  All 
data  were  normalized  to  mean  baseline  values  ([A]  26.1  pY  SEM  3.8;  [C]  83.0  ms,  SEM  5.4,  w  =  5;  [B]  25.3  pV,  SEM  4.1;  [D]  92.5  ms,  SEM  2.9).  Errors 
bars  represent  the  SEM.  Significance  (P  <  0.05)  of  the  effeet  compared  to  baseline  is  represented  by  asterisks  above  bars. 


the  relationship  between  reduced  axon  transport  and  RGC 
function.^®  Here,  we  addressed  this  problem  by  recording  the 
PERG — a  signal  that  depends  on  the  physiologic  integrity  of 
RGC — before  and  after  manipulations  at  postretinal  level  that 
impair  retrograde  signaling  in  the  retinocollicular  pathway. 
Lidocaine  is  a  well  established  method  to  block  axon 
transport"“^“^^  without  damaging  optic  nerve  structures,^* 
and  acts  at  very  low  concentrations. At  sufficient  concentra¬ 
tions,  lidocaine  also  is  known  to  alter  signal  conduction  by 
blocking  voltage-gated  sodium  channels  in  the  neuronal  cell 
membrane,'**  thereby  suppressing  postsynaptic  activity.  As 
FVEPs  were  not  altered  significantly  after  retrobulbar  lidocaine, 
our  results  indicated  that  the  action  of  lidocaine  on  sodium 
channels  was  insufficient  to  impair  signal  conduction  along  the 
optic  nerve.  Insufficient  blockage  of  sodium  channels  also 
suggests  that  a  direct  action  of  lidocaine  on  action  potentials  of 
RGCs  is  unlikely.  It  also  is  unlikely  that  lidocaine  entered  the 
retina  via  the  cardiovascular  system  and  impaired  directly  RGC 
spiking  activity,  as  in  this  case  the  concentration  of  lidocaine  at 
the  retina  would  have  been  minimal,  finally,  it  is  unlikely  that 
optic  nerve  crush  caused  ischemic  damage  to  the  retina,  as 
shown  in  previous  studies. For  lidocaine  injection  and 
optic  nerve  crush,  the  FERG — a  signal  originating  in  the  outer 
retina — was  unaltered.  This  suggested  that  the  effects  of  all 
manipulations  did  not  cause  generalized  retinal  dysfunction. 


Altogether,  as  the  effects  of  all  postretinal  manipulations  on 
PERG  were  qualitatively  similar  and  major  unspecific  effects  on 
RGC  could  be  ruled  out,  the  results  strongly  suggested  that 
PERG  changes  were  linked  to  altered  supply  of  retrogradely- 
delivered  material  via  axon  transport.  Reversible  blockade  of 
axon  transport  was  not  expected  to  cause  damage  to  RGC,'**46 
whereas  for  optic  nerve  crush  RGC  loss  was  expected  to  start 
approximately  5  days  after  surgery.  However,  the  effects  of 
the  optic  nerve  crush  could  include  an  acute  physiologic  effect 
on  RGC  signaling'*®  that  added  to  the  effect  mediated  by 
impairment  of  retrograde  signaling. 

The  main  result  of  our  study  is  that  lidocaine  injections 
caused  rapid,  reversible  reduction  of  PERG  signal  to  at  least 
50%  of  its  baseline  value.  PERG  effects  after  intracollicular 
lidocaine  injection  could  be  measured  within  1  hour  after 
treatment,  and  recovered  progressively  over  4  days.  After 
retrobulbar  lidocaine  injection,  PERG  effects  could  be  mea¬ 
sured  as  early  as  10  to  20  minutes  posttreatment,  reached  a 
maximum  at  30  minutes,  and  recovered  within  5  days.  The 
effects  of  retrobulbar  optic  nerve  crush  on  PERG  also  could  be 
measured  as  early  10  to  20  minutes  after  surgery,  and  remained 
stable  at  reduced  level  over  1-month  follow-up,  after  which 
histology  demonstrated  a  drastic  (88%)  decrease  of  TUJl- 
positive  RGC  counts  in  the  retina.  That  the  earliest  effects  on 
PERG  of  retrobulbar  lidocaine  were  rather  similar  in  magnitude 
and  time  course  to  those  obtained  with  retrobulbar  optic  nerve 
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Figure  3.  Effect  of  optic  nerve  crush  on  PERG  and  RGC  death.  (A,  C)  Mean  PERG  amplitude  (A)  and  latency  (C)  before  and  at  different  times  after 
optic  nerve  crush  1.5  mm  behind  the  globe.  (B,  D)  Mean  PERG  amplitude  (B)  and  latency  (D)  in  control  mice  that  received  sham  surgery.  All  data 
were  normalized  to  mean  baseline  values  (lA]  21.7  py  SEM  2.4;  1C]  83.6  ms,  SEM  1.1;  IB]  18.3  py  SEM  1.8;  [D]  81.3,  SEM  2.4).  Errors  bars 
represent  the  SEM  (n  —  5).  Significance  (P  <  0.05)  of  the  effect  compared  to  baseline  is  represented  by  asterisks  above  bars.  (E,  F)  Representative 
examples  of  TUJl -positive  RGC  in  mice  that  received  optic  nerve  crush  1  month  before  (E)  and  in  control,  sham  injured  mice  (F).  RGC  survival  in 
mice  that  received  optic  nerve  crush  was  12%  (SEM  1.4).  Scale  bar:  10  pm. 


/OKS,  February  2013,  Vol.  54,  No.  2 


PERG  and  Axon  Transport  1241 


Retrobulbar  Lidocaine 


Optic  nerve  crush 


FERG  fvep 


FERG 


Figure  4.  Lack  of  effect  of  retrobulbar  lidocaine  and  optic  nerve  crush  on  FERG  and  FVEE  Left.  Grand  average  FERG  and  FVEP  waveforms 
(continuous  lines')  and  superimposed  ±  SEMs  (dashed  lines)  recorded  before  and  30  minutes  after  retrobulbar  injection  of  2  pL  of  lidocaine  40  mg/ 
mL.  FERGs  were  recorded  from  the  eye  ipsilateral  to  the  injected  side.  FVEPs  were  recorded  from  the  monocular  visual  cortex  contralateral  to  the 
stimulated  eye.  Right.  Grand  average  FERG  waveforms  (continuous  lines)  and  superimposed  ±  SEMs  (dashed  lines)  recorded  before  and  7  days 
after  crush  of  the  ipsilateral  optic  nerve  performed  1.5  mm  behind  the  eye. 


crush  suggested  that  the  latter  also  were  mediated  largely  by 
Impairment  of  retrograde  axon  transport  rather  that  direct 
injury  to  RGC.^®  Dramatic  losses  of  PERG  signal  after  either 
optic  nerve  section'*^  or  crush^^  in  the  mouse  have  been 
reported  before,  but  these  studies  were  not  designed  to 
monitor  early  postsurgical  events. 

Our  study  provided  only  a  reasonable  approximation  of  the 
time  course  of  the  PERG  effects,  as  there  were  constraints  due 
the  time  needed  for  the  experimental  procedures.  For 
retrobulbar  injection  and  optic  nerve  crush,  the  earliest 
opportunity  to  record  a  postprocedural  PERG  was  approxi¬ 
mately  10  minutes.  For  intracollicular  injections,  the  earliest 
opportunity  was  1  hour  later.  Thus,  we  cannot  exclude  that  the 
PERG  effects  could  have  manifested  somewhat  earlier  com¬ 
pared  to  the  values  we  were  able  to  measure,  if  we  assume  10 
to  1 5  minutes  postprocedural  delay  for  proximal  interventions 
(retrobulbar  lidocaine,  optic  nerve  crush)  and  60  minutes  delay 
for  distal  intervention  (intracollicular  lidocaine);  if  we  also 
assume  that  the  delay  was  due  to  the  speed  of  retrograde  axon 
transport,  and  the  retinocollicular  distance  would  be  approx¬ 
imately  11  mm,’®  then  the  corresponding  velocities  of  axon 
transport  would  be  approximately  0.12  mm/min  (1.5  mm 
distance/12.5  min)  and  0.18  mm/min  (11  mm  distance/60 
min).  These  calculated  velocities  are  well  in  the  range  of  those 
reported  for  fast  retrograde  transport  in  a  number  of 
studies.*’^*  It  should  be  taken  into  account  that  the  mouse 
optic  nerve  has  an  unmyelinated  portion  of  0.6  to  0.8  mm 
immediately  adjacent  to  the  sclera.’^  This  might  have 
represented  a  vulnerable  location  that  drove  the  earliest  effect 
of  retrobulbar  lidocaine. 

What  is  the  retrograde  signal(s)  whose  reduced  supply 
caused  reduced  electric  responsiveness  of  RGC?  Our  study 
does  not  provide  direct  answers  to  this  important  question, 
which  will  be  addressed  in  a  subsequent  study.  A  reasonable 
hypothesis  is  that  target-derived  brain  derived  neurotrophic 
factor  (BDNF)  may  represent  a  likely  molecular  candidate. 
Available  evidence  shows  that  intraocular  pressure  elevation  in 
an  experimental  glaucoma  model  causes  obstructed  axon 
transport  of  BDNF  and  its  receptor,  TrkB,  eventually  leading  to 
RGC  death.**  BDNF  has  been  shown  to  depolarize  neurons  just 
as  rapidly  as  the  neurotransmitter  glutamate,  even  at  very  low 
concentrations.**"**  Rapid  actions  of  neurotrophins  include 
changes  in  neuronal  excitabhity,  synaptic  transmission,  and 
neural  plasticity.  Of  interest,  intracollicular  injection  of  saline 


also  temporarily  reduced  the  PERG  signal,  although  to  a 
smaller/shorter  extent  compared  to  intracollicular  lidocaine 
injection.  It  is  possible  that  intracolhcular  injection  of  1  pL 
saline  mechanically  caused  temporary  impairment  of  the 
target-derived  supply  of  retrogradely-transported  material  that 
sustains  RGC  responsiveness.  RGC  responsiveness  also  may  be 
sustained  in  part  by  other  postsynaptic  targets,  such  as  the 
dorsal  geniculate  nucleus  and  the  suprachiasmatic  nucleus. 

In  conclusion,  our  results  showed  that  impairment  of 
retrograde  signaling  causes  rapid,  substantial  decrease  of  PERG 
amplitude  and  increase  in  PERG  latency  that  may  be  reversible. 
Results  implied  that  intact  retrograde  signaling  is  necessary  for 
the  normal  electrical  responsiveness  of  retinal  ganglion  cells. 
Numerous  reports  of  early  PERG  impairment  in  glaucoma,*'*  *^ 
optic  nerve  diseases,**  and  diabetes*^  '’®  at  least  in  part  may  be 
due  to  altered  axon  transport.  Also,  recovery  of  PERG 
amplitude  losses  after  either  lOP  lowering**'*^'***’^*’^  or 
removal  of  pituitary  tumors^*  may  be  related  to  restoration  of 
axon  transport.  Thus,  the  PERG  may  represent  a  promising 
marker  of  early,  reversible  axonal  dysfunction  preceding  RGC 
death  in  glaucoma  and  optic  nerve  diseases.^^ 
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